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Keywords: Several emerging battery technologies are currently on endeavour to take a share of the dominant position taken
Na-based batteries by Li-ion batteries in the field of energy storage. Among them, sodium-based batteries offer a combination of
Na-ien attractive properties i.e., low cost, sustainable precursors and secure raw material supplies. Na-based batteries
E:;gz include related battery concepts, such as Na-ion, all solid-state Na batteries, Na/O, and Na/S, that differ in key

components and in redox chemistry, and therefore result in separate challenges and metrics. Na-ion batteries

all solid-state Na batteries . K o .. . . ..
Key performance indicators represent an attractive solution which is almost ready to challenge Li-ion technology in certain applications; the

* Corresponding author. ALISTORE-European Research Institute, 80039, Amiens, France.
E-mail address: mcasas@cicenergigune.com (M. Casas-Cabanas).

https://doi.org/10.1016/j.jpowsour.2020.228872

Received 13 June 2020; Received in revised form 4 August 2020; Accepted 30 August 2020
Available online 17 September 2020

0378-7753/© 2020 Elsevier B.V. All rights reserved.


mailto:mcasas@cicenergigune.com
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2020.228872
https://doi.org/10.1016/j.jpowsour.2020.228872
https://doi.org/10.1016/j.jpowsour.2020.228872
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2020.228872&domain=pdf

L. Hasa et al.

Journal of Power Sources 482 (2021) 228872

other cell concepts represent a more disruptive innovation, with a higher performance gain, provided that major
hurdles are overcome. The present review aims at highlighting the most promising materials in the field of Na-
based batteries and challenges needed to be addressed to make this technology industrially appealing, by
providing an in-depth analysis of performance metrics from recent literature. To this end, half-cell reported
metrics have been extrapolated to full cell level for the more mature Na-ion technology to provide a fair com-
parison with existing technologies.

1. Introduction

Batteries are set to play a pivotal role in the coming decade as key
enablers of a low-carbon economy. Today’s global economic and envi-
ronmental conditions have boosted the demand for energy storage sys-
tems, lifting the cost barriers for Li-ion batteries (LIBs) and allowing the
applications of such batteries to progressively expand from mobility to
the grid. Based on different growth scenarios, long-term market analyses
estimate that in 2040 the number of electric vehicles (EVs) on the road
will be from two to three orders of magnitude bigger than today. At the
same time stationary storage installations will also increase exponen-
tially, and may globally reach up to 1300 GWh [1]. With the further
increase of production capabilities for LIBs around the world, the costs
are expected to decline further, while the risks of demand-supply
mismatch and supply constraints of the raw materials increase. In
addition, the environmental and social challenges associated with the
mass production of LIBs will become increasingly important as the
market expands, since LIBs contain several critical (and/or toxic) raw
materials, such as cobalt and natural graphite, whose suppliers
concentrate in a number of third countries, including conflict zones [2,
3]. Therefore, efficient reuse and recycling of LIBs become more critical
as well as the search for alternative energy storage solutions based on
materials that can be sourced in a sustainable and responsible way.

Among the available alternatives, Na-based batteries are on the rise
as a potentially competing technology to Li-ion batteries within certain
applications [4-7]. The umbrella term of Na-based technologies is often
used to describe several related battery concepts that use Na™ ions as
charge carriers, and includes Na-ion, all solid-state Na batteries
(Na-ASSBs), Na/S and Na/O,, batteries, as shown on Fig. 1. These battery
chemistries differ in key components and redox chemistry, resulting in
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separate challenges and performance metrics. Equivalent concepts and
configurations are found for Li-based batteries. A Na-ion battery (NIB)
combines a Na-containing positive electrode and a Na-free negative
electrode, and, therefore, is assembled in the discharged state (Fig. 1a).
In a common NIB, the positive electrode is an insertion-type material,
the negative electrode varies between insertion, conversion and alloying
types, and the electrolyte is typically used in a liquid form. Electrodes
are porous films casted on current collectors and, in addition to active
material, often contain carbon-based additives necessary for electronic
conductivity and polymeric binding agents ensuring mechanical integ-
rity and adhesion among particles and current collectors. Noteworthy, at
low potential Na does not alloy with Al [8] - an appealing advantage of
NIBs with respect to LIBs. Therefore, Al can be used as current collector
material at the negative electrode instead of Cu (typically used in LIBs),
enabling storage and transport at 0 V by short circuiting the cells [9].
Na-ASSBs use a solid electrolyte (an inorganic ionic conductor or a
polymer matrix swollen with Na salts), which is intrinsically safer than
flammable solvents typically used for electrolytes in NIBs. The use of Na
metal as a negative electrode and a simple design of bipolar electrodes
could also lead to higher energy densities compared to cells with liquid
electrolyte. In Na-ASSBs the positive electrode material will be similar to
that of NIBs, however, the pores in the electrode are filled with a solid
electrolyte (catholyte), and both the composite positive electrode and
the solid electrolyte must be dense (Fig. 1b). Na/O2 batteries use a
combination of a Na metal negative electrode and an external positive
O, electrode with an aqueous or aprotic electrolyte. The cell casing has
vent openings to allow for air to diffuse, and a porous carbon matrix is
used in the positive electrode as a host for solid discharge products
(Fig. 1c). Na/S cells are similar to Na/Og batteries, but such cells are
sealed since the positive electrode electroactive material, sulphur, is
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Fig. 1. Schematic cell configuration of the most common types of Na-based batteries. (a) Na-ion battery; (b) All solid-state sodium battery with Na metal negative
electrode; (¢) Na/O; battery and (d) Na/S battery. Note that also other versions exist including redox-flow types, for example.
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hosted in a carbon porous matrix that provides electronic conductivity
and accommodates the large volumetric changes that result upon dis-
charging (Fig. 1d).

Most of these concepts are not new. Indeed, the research on NIBs was
very active prior to LIB’s commercialization [10]. Na/S and Na-NiCl,
molten salt batteries using liquid Na metal at the negative electrode and
a p-Al03 solid electrolyte have been manufactured since the mid-1990s
(not considered here). Nevertheless, Na-based batteries have experi-
enced a tremendous development during the past decade, emerging as a
relevant addition to the pantheon of potential systems able to replace
and/or supplement LIBs in specific applications. In this focus review we
provide an in-depth preliminary assessment of emerging Na-based bat-
teries, covering the most relevant aspects of materials and cell
development.

2. Na-ion batteries
2.1. Positive electrode materials

The development of positive electrode materials for NIBs has expe-
rienced a rapid growth, due to the extensive knowledge gained from the
chemistry developed for LIBs. Sodium analogues of various families of
electrode materials known for LIBs are often found to show similar
insertion properties for NIBs. As in LIBs, the most studied and highly
successful candidates for positive electrodes can be parted between
layered oxides and polyanionic compounds, although Prussian blue
analogues (PBAs) with open cavities also show appealing sodium
insertion properties [11-13]. Considering such variety, the enduring
question now is whether there will be a single winning chemistry, or will
different chemistries co-exist for a variety of market applications
requiring specific performance metrics dictated by energy density,
power, cyclability, safety and cost? To answer this question, we discuss
herein the advantages and disadvantages for all three families of Na-ion
positive electrodes (layered oxides, polyanionic structures and PBAs) in
terms of energy density, rate capability, cyclability, cost and
sustainability.

2.1.1. Sodium layered oxides

Layered sodium transition metal oxides (NayMM’Oy, M,M’ = tran-
sition metal ion(s), Mg, Al, Sn, vacancies, etc.), simply termed as layered
oxides, have two-dimensional layered structures for reversible sodium
insertion (Fig. 2a and b). Layered oxides gained their superiority over
other chemistries due to their low molecular weight and hence expected
high theoretical specific capacity. With the proven success of lithium
layered oxides (e.g. LiNip gMng.1C0¢.102) in LIBs [14], the sodium ana-
logues are extensively studied as well. Noteworthy, the sodium layered
oxide chemistry is richer than that of their Li-analogues due to the
ability of Na™ to reside not only in octahedral (O) but also in prismatic
(P) sites in comparison to solely octahedral site occupancy by Li* ions
[15]. Additionally, redox processes such as Fe3+/Fe4+, that are rather
unusual with Li-ion compounds, were found to be accessible with so-
dium layered oxides [16,17]. As a result, a large variety of compounds
differing in oxygen stacking (P2, P3, O3 or P2-03 intergrowths, against
solely O3 for Li-analogues) with many different combinations of tran-
sition metal ion(s) have been studied, and numerous compounds with
specific capacities as high as 200 mAh.g ™! have been reported [18,19].
Demonstrations in prototype cells in pouch/cylindrical formats have
also been performed by start-up companies such as Faradion (UK) and
HiNa (China) using O3 or P2-O3 mixed phases of NayNij.
y-2MgxMnyTi,0; and Na,Cu; .y ,Fe;Mn,0; as the positive electrode active
material, respectively [20-22].

However, some scepticism prevails with the major question being,
will layered oxides conquer the top position by competing with poly-
anionic compounds such as NazV3(PO4)2F3 (NVPF) and PBAs; and if so,
which will be the winning chemical composition? A rather difficult
question to answer, especially considering the possibility of evaluating
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different combinations of almost all 3d metals and also some of the non-
transition metal ion(s). Additionally, non-uniformities in reports from
different research groups exploring different compositions, often with
little information provided regarding particular performance, lifetime
and cost metrics, make it difficult to make fair and accurate comparisons
(see Table S1). Hence, material design considerations based on crystal
and electronic structure of layered oxides are required, also taking into
account their structural stability upon long cycling in full cells.

Compounds with full sodium stoichiometry (1Na per transition metal
ion) are reported to thermodynamically prefer the O3-type structure,
while P-type phases are exclusively stabilized with sodium deficiency
(less than 1 sodium in the pristine material), see Fig. 2a and b for two of
the best performing examples. Though fully sodiated P-type compounds
can be obtained by electrochemical insertion of sodium, the process is
not viable in NIBs where there is no extra sodium available to
compensate this non-stoichiometry. This drawback could be solved
either by the addition of sacrificial salt(s) that oxidize/decompose
irreversibly to provide extra sodium [23-25] or by using Na metal as the
negative electrode [26]. Otherwise, uncompensated Na-deficiency in the
P-type (P2 and P3) compounds leads to poor full cell capacity (Fig. 2b,
Table S1), demanding the switch to O3-type materials for practical ap-
plications in spite of the reported better Na-diffusion property and, in
some cases, moisture stability of P-type compounds [27].

Nevertheless, O3-type layered oxides undergo continuous phase
transitions resulting from competing Coulombic and van der Waals
forces, that induce slab gliding (03 < P3 < 03/01 etc.) as the Na™
content changes upon cycling. Furthermore, in O3-type layered oxides
the structural reversibility deteriorates, especially while cycling at high
potentials aimed to utilize the full 1Na capacity [28-31]. To avoid this
structural instability and to improve cycle life, the sodium layered ox-
ides are used with c. a. 50% of their capacity (~120-140 mAh.g™!)
through electrochemical operation within a reduced voltage window.
Such a low capacity, together with a lower average redox potential
compared to Li analogues, leads to considerably lower specific energy
than that of the phosphate-containing compound NagVa(PO4)oF3
(NVPF) [29]. Since high specific energy is a major criterion for practical
applications, increasing the redox potential while utilizing the full
available capacity are the main research hurdles for sodium layered
oxides.

The sole strategy used to achieve these goals is based on selection of
the adequate combination of transition metal ion(s) and fine-tune their
stoichiometry. Hence, either redox centres that show high redox po-
tential (e.g. Cu**/Cu®’, Fe**/Fe*" as in Na,Cuy.y,Fe,Mn,02) [32] or
non-redox centres that increase the ionicity of the associated redox
centre (e.g. substitution of Ti*t/sn** in NaNig.5sMng.502) [33,34] are
used to increase the redox potential of the sodium layered oxides. These
compounds have also been reported to show improved structural sta-
bility upon cycling. The underlying key point is to optimize the M—O
bond ionicity which regulates the redox potential as well as the relative
stability of O3 vs intermediate P3 phases [29,35]. A reversible capacity
of >170 mAh.g~! with an average cell voltage of ~3.1 V stabilized for
few hundred cycles (Fig. 3a), accounting to a specific energy of 500 Wh.
kg’l, was reported for NaNigs.y (Cu/Zn/Mg)yMng ., Ti;O2 materials
[20,30,36]. As will be seen in section 5, these high figures allow this
compound to be competitive compared to NVPF based on first cycles
capacity. Note however that, as seen in Fig. 3, the capacity retention
upon cycling is not as good for O3 as for NVPF.

Further research efforts to increase the specific energy are currently
focused on developing Na-rich layered oxides with extra capacity
derived from excess sodium and anionic redox activity, as reported with
Li-rich phases. Na-analogues of all the known Li-rich phases do not exist,
because Na' is bigger in size compared to Li" and hence difficult to
stabilize in the transition metal layer together with smaller transition
metal ions (e.g. 3d metals). Thus, the anionic redox activity in sodium
layered oxides has been reported on either Na-deficient P2/P3 phases or
in compounds based on 4d / 5d metals, resulting in unacceptably low
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Fig. 2. Charge-discharge voltage profile of some representative compounds of the three different positive electrode families used in NIBs with their corresponding
structure as inset. The compounds used as examples are O3-NaNig 45Zn9.05Mng.4Tig.102, P2-Nag.67Cug.14Fe0.2Mng.6602, NaxM [Fe(CN)gly.zH20, NazVa(PO4)s and
NagV3(POy4)oF3. Half-cell data using metallic sodium as counter electrode are used to have a direct comparison of the redox potential and capacity of these com-
pounds; the electrolyte used was 1 M NaPF in organic carbonate(s) and the cells were cycled at C/10 rate (Capacity to remove 1 Na is used as 1C). All cycling data
used here are derived from laboratory data where the electrode materials are either home-made or commercially bought for comparative studies; the structure of the
compounds were drawn using VESTA software. Sodium layered oxides show electrochemical signatures with several sloping and plateau regions due to successive
solid solution and biphasic type phase transitions in the voltage window of 2-4.5 V vs Na*/Na, whereas a plateau-like behaviour is observed with polyanionic phases,
with Na3V,(PO4).F3 showing the highest average cell voltage. On moving from layered oxides to PBAs or polyanionic phases, there is a decrease in capacity due to
high molecular weight, while increasing redox voltage and Na-diffusion are observed. The extra capacity observed with P2 layered oxides down to 2 V is not feasible
in Na-ion full cells using HC or any Na-free negative electrode. The table below the figure summarizes the advantageous and disadvantageous properties of each
material in terms of volumetric (V) and gravimetric (G) energy, rate and cost/sustainability. Green, orange and red symbols are used to indicate high, average and
poor performance of the material with the corresponding parameter respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

capacity [37,38]. Noteworthy, the Li-rich layered oxides have also
intrinsic disadvantages, such as oxygen release, voltage decay, etc., and
have not reached the commercialization stage within the Li-ion tech-
nology either [39].

Besides the specific energy, another significant parameter to be
considered is the rate performance of the electrode material, as NIBs are
expected to find its market in high power applications such as stationary
energy storage, where sudden frequency adjustments are required.
Polyanionic NVPF and PBAs topped in this parameter as significant ca-
pacity (more than 80%) retention is achieved at rates as fast as 10C (1 Na
removal in ~6 min, see insets of Fig. 3b and ¢) [20,40]. In sodium
layered oxides the Na-diffusion kinetics of each phase needs to be
considered as they undergo continuous structural transformations dur-
ing cycling, and the slowest diffusion phase controls the whole cell re-
action. Further, the existence of phase mixtures may also impede the
Na*-diffusion by grain boundary effects. As a result, sodium layered
oxides are cycled mostly at 0.1C rate (1 Na removal in 10 h) and hardly
~80% capacity is retained even at 1C rate (see the inset in Fig. 3a).
Interestingly, a buckling effect of the Jahn-Teller active Fe*' ion is
claimed by Ceder et al. to improve the rate capability of 03— NaCuy /3.
Fe;,3Mn; 302, whose cycle life is still debatable due to utilization of the
less stable Fe3*/Fe** redox pair upon long cycling [32]. Recent reports
describing O3-P2 mixtures provide interesting rate capabilities,
although a deeper understanding of the phase distribution at the atomic
level is still required (intergrowth vs composite) [22,41,42].

In short, at the present moment, layered oxides can exhibit specific
energies comparable or even slightly superior to those of polyanionic
materials with the advantageous use of cheap and non-toxic transition
metal elements. Additionally, layered oxides are denser materials
compared to NVPF or PBA, and, therefore, allow higher volumetric
energy  density (e.g. achieved 250 Wh. L7! with
NaNig.4Cug.1Mng.4Tig.102 vs 175 Wh. L™! for NVPF in cell level) [30].
Further considerations on the influence of density on the full cell per-
formance can be found in section 5. However, their disadvantage re-
mains in the structural instability upon Na-insertion/de-insertion that
impedes power rate capability and cycle life (Fig. 3). Recent studies by
Song et al., reported stable cycling over 1000 cycles by using O3
NaNig.6gMng.22C0¢.1002 achieved through optimization of the electro-
lyte and the electrode’s surface properties (See Table S1 for the details
on reported data so far) [43]. The result provides a hope for the sodium
layered oxides to reach commercial applications especially for high
energy/low cost requirements if the synthesis, processing difficulties in
reaching homogeneous materials and moisture sensitivity of layered
oxides, that requires strictly controlled atmosphere for material storage
and processing, could be solved [44]. Future development towards
practical applications requires studies of the synthetic protocols to
obtain homogeneous materials in bulk batches using industrially viable
methods such as co-precipitation. Additionally, a deeper understanding
of low and high temperature electrochemical cycling, and thermal sta-
bility at high potentials in the presence of an electrolyte is also required
before reaching the commercialization.

2.1.2. Polyanionic compounds

Besides layered oxides, polyanionic compounds are attractive as
positive electrode materials for NIBs due to their operating voltage,
which can be widely tuned by changing the nature of the involved redox
couple as well as the composition and the structure of the anionic
framework (see Table S2) [45]. Indeed, the strength of the X-O (X=P, S,
Si, C) bonding in the anionic framework has an influence on the cova-
lency of the M — O bond (and, therefore, on the position of the anti-
bonding energy levels) resulting in a larger operating voltage vs Na for a
given redox couple than for the bare oxide. This allows to counterbal-
ance the obvious penalty due to the higher molar mass of the polyanion
(PO3~, SOF and SiO47). Their frameworks and properties are quite
diverse, depending on the nature of the anionic groups, the crystal
structure type (NASICON, Tavorite, Olivine, Alluaudite, layered, etc.)
and the dimension of the ionic diffusion paths (1D for olivine NaFePOy,
2D for NagVy(PO4)-oF3 and 3D for NASICON NasVy(PO4)3 for instance)
[46]. However, they typically present a better structural stability
compared to layered oxides at deintercalated state, allowing reversible
full extraction of up to 1 or 2 Na.

NaFePO4 [47,48], NaZFeP207, [49] Na4(Fe,Mn)3(PO4)2(P207) [50,
511, Nag;oxFeax(SO4)3 [52] and NasMnSiO4 [53] are interesting ex-
amples of low-cost polyanion-type materials built on environmentally
friendly elements (Fe, Mn, P, S, Si, etc.). Nevertheless, their perfor-
mances are still too limited for NIBs due to low capacities for the di-
phosphates and mixed phosphates (<100 mAh.g 1), low voltages (<3 V
vs Nat/Na) and low rate capabilities for the silicates, high sensitivity to
water for sulfates and difficulties to properly control most of their syn-
theses (see Table S2 in supplementary information for comparison of
these different polyanionic materials). Among all the polyanion-type
materials reported up to now, the two V3*-containing compositions
NagVa(PO4)s and NagVa(PO4)oF3 are the most promising
phosphate-based materials in terms of performance. They both show the
reversible extraction of 2 Na™ ions per formula unit (ca. 100-120 mAh.
g7}, see Fig. 2d and e) at a voltage higher than 3.4 V vs Na*/Na and in
the stable electrochemical window of the currently available liquid
electrolytes.

The structure of the NASICON Na3V2(PO4)3 can be described as a 3D
framework, with a “lantern” basic repeating unit made of two VOg
octahedra and three PO4 tetrahedra linked to each other by corners
sharing only, and with each lantern connected to six others to build 3D
diffusion paths for Na™ ions (Fig. 2d) [54]. Although often described by
mistake as being also of NASICON-type, the structure of the fluorinated
oxyphosphate Na3zVy(PO4)oFs is built of VoOgFs bi-octahedral units
(F-VO4-F-VO4-F) which are linked together by PO4 tetrahedra to
generate a 3D network with channels for the 2D diffusion of Na®t ions
(Fig. 2e) [55]. As for most of the polyanionic compounds, the electronic
conductivities of NagVy(PO4)3 and NagVy(POy4)oF3 are rather low due to
the presence of highly covalent phosphate groups that isolate the tran-
sition metal centres from each other. Nanocomposites and
surface-conducting modifications (e.g. with the formation of thin carbon
coating) are hence prepared, not only to enhance the grain electronic
conductivity, but also to prevent particle growth during the synthesis or
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of three different families of positive electrodes. (a) Sodium layered oxides O3
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materials tested in Na-half cells using sodium metal as counter and negative
electrode. The capacity of 172 and 255 mAh.g ™! are taken as 100% capacity for
03 and P2 layered oxides respectively. (b) Prussian blue analogue NayMnFe
(CN)g cycled vs hard carbon in a Novasis pouch cell. Inset reporting the asso-
ciated voltage profiles upon cycling at different C rates; Reprinted (adapted)
with permission from Ref. [20] Copyright (2020) John Wiley and Sons. (c)
Polyanionic Na3V,(PO4),F3 in a 75 Wh. kg’1 18 650 cell using hard carbon as
negative electrode at 1C rate. Inset reporting rate capability test at 100% Depth
of discharge (DOD) for a 55 Wh. kg™' 18 650 cell prototype; Reprinted
(adapted) with permission from Refs. [40] Copyright (2020) John Wiley and
Sons. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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agglomeration during long-term electrochemical cycling at high rates
[56].

Solid state and wet synthesis methods are the most traditional routes
used to prepare NasV',(PO4); and NasV',(PO4),Fs. Nevertheless, a
careful control of the thermal treatment’s temperature and atmosphere
is required to obtain the material with optimized performance, i.e.
without NagVy(POy4)3 as an impurity or without partial substitution of
oxygen for fluorine that leads to the formation of the mixed valence
compositions Nagvmz_y(VIVO)y(P04)2F3_y (0 <y < 2). In both cases, the
average operating voltage is driven to lower values, thus, resulting in
lower energy densities. Nuclear Magnetic Resonance (NMR) and Infra-
Red (IR) spectroscopies were shown to be the tools of choice to track
the presence of oxygen defects and vanadyl bonds (v**=03*" in
NagV2(PO4)2F3, allowing to control the synthesis of the optimized active
material [57,58]. In fact, most of the reported work on NagVa(PO4)oF3
often deals with compositions that are highly oxygen-rich, i.e. less
fluorinated than expected.

During Na-deintercalation from NazVy(PO4)s, a flat composition-
voltage “plateau” is observed at ca. 3.4 V ys Na'/Na, which corre-
sponds to the activation of the V3*/V*" redox couple and to the
extraction of two Na't ions from the structure to form NaVy(PO,)s3
through a bi-phasic reaction (Fig. 2d) [59]. Due to the presence of
fluorine, the highest electronegative element, in the first coordination
sphere of Vv3* in Na3V2(PO4)oF3 the 3d orbitals are strongly polarized,
giving rise to an increased operating voltage of 0.5 V for the V3*/v**
redox couple when compared to that observed for NagVy(PO4)3. Two
Na' ions can be extracted from NazVa(PO4)oF3 at ca. 3.70 and 4.20 V vs.
Na'/Na (Fig. 2e) [60] through successive bi-phasic and solid solution
reactions with the stabilization of five intermediate compositions,
mainly driven by the structural reorganization of the Na™ ions in order
to minimize the electrostatic repulsions within the diffusion channels
[61]. For NagVa(PO4)oFs, pairs of V3* and V> are stabilized within the
bi-octahedral units at the end of the first charge for the composition
NaVy(POy4)oF3 [62], whereas for NagVy(POg4)s only pairs of v+ are
stabilized in the lanterns (built on two non-corner sharing VOg octa-
hedra) for the composition NaVy(POy)s.

First proofs of concept were reported in full cells vs hard carbon (HC)
for optimized nanocomposites of both Na3V(PO4)3 and NagVy(PO4)oF3,
with a discharge capacity of ~100 mAh.g™! and attractive capacity
retention even at high rates [63,64]. Recently, optimized hard car-
bon//Na3V2(PO4)2F3 18650 full cells and cycled at 1C at ambient tem-
perature could maintain more than 80% of their initial capacity after
4000 cycles (Fig. 3c, Table S1) [40]. Outstanding performances were
also demonstrated for Na3(VO),(PO4)oF [65], the end-member of the
Na3V3*2_y(V4+O)y(PO4)2F3_y solid solution, but with a significant
lowering of the average voltage of ca. 0.10 V, due to a larger amount of
VAt (or {V:O}2+ vanadyle bond) in the initial structure. Only the two
end-members of the Nagvmz_y(VIVO)y(PO4)2F3_y (0 <y < 2) family show
voltage-composition plateaus, while all other intermediate compositions
show sloping electrochemical voltage-composition features associated
to solid solution type reactions [66,67].

One of the challenges to further improve the performance of
Na3V,(PO4)oF3 still to be addressed is the structural stabilization of the
highly de-intercalated composition needed to achieve a reversible
electrochemical cycling over three Na™ ions per formula unit [60]. The
extraction of the third Na™ ion from Na3V,(PO4)3 by chemical oxidation
with the formation of the composition V**V>*(P0O4)3 was reported [68]
but never reproduced. Recently, the extraction of the third Na™ ion from
NagV2(PO4)2F3 was achieved at an upper cut-off voltage of 4.75 V vs
Na'/Na followed by an extended floating at the end of charge [69].
Unfortunately, this three-electron reaction leads to an irreversible
structural transformation leading to the formation of a highly disordered
structure that allows the re-intercalation of only two Na™ ions. Indeed, a
third Na™ ion could be re-intercalated but only after a sloping discharge
down to a very low voltage of 1 V vs Na'/Na, not practically acceptable
for a positive electrode material. In Na3V3+2_y(V4+O)y(PO4)2F3,y, the
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presence of oxygen defects prevents the de-intercalation of more than
two Na™ ions per formula unit, which can be used as a barrier vs over-
charge and structural destabilization [67].

Cation substitution for vanadium with spectator ions (such as Al) or
redox active ones (such as Fe and Mn) was explored as a possible
strategy to activate the de-intercalation of the third Na™ ion through the
involvement of the V*/V®* redox couple and to contribute to a sub-
stantial increase in the energy density of these polyanion-based com-
pounds. This activation was first demonstrated to occur at 3.9 V vs Na*/
Na by introducing AT in NasVi.5Aly.5(PO4)s, compared to 4.75 V for
NagVa(PO4)2F3 [70]. New Na-rich NASICON compositions, such as
NasMn? V3 (P0y)s3, were also reported to be quite promising because of
the activation of the V3*/v*", Mn?*/Mn>* and V**/V>" redox couples
that results in the extraction of three Na* ions during the first charge at a
higher average operating voltage (ca. 3.6 V vs 3.4 V for NVPF) [71-73].
Nevertheless, several puzzling questions remain considering this three
Na™ ions exchange per two transition metal cations: why is the presence
of a foreign cation essential in the activation of V4*/V°" redox couple in
the NASICON framework? Why irreversible structural modifications and
significant capacity losses are observed for NagVj.5Aly.5(PO4)s and
NasVMn(POy)s, but also for NagVa(PO4)2Fs, as soon as more than 2 Na™
ions are de-intercalated per formula unit upon the activation of the
v+ /V>* redox couple at high voltage?

Interestingly, both V3+—c0ntaining Na3V5(POg4)3 and NazV,(POg4)oF3
compounds, and especially the latter, remain highly competitive with
the most promising layered oxides. They revealed robustness as positive
electrode materials for power-type NIBs, with energy densities of ca. 400
and 500 Wh. kg ™! respectively, moisture stability when stored in air and
thermal stability in the charged state of the battery [67]. However, both
materials behave very differently: in the NagVy(PO4)3 NASICON phase
the redox activity of vanadium is fully independent from the nature of
the second metal ion in the same lantern (the MOg octahedra do not
share corners between each other), whereas in Na3V(PO4)2F3 the na-
ture of the terminal bonds V-X (X = F, O) and of the transition metal ions
in the bi-octahedral units tailors the redox properties of vanadium. A
significant modification of the crystal field by partial substitution for
vanadium or by altering the nature of the anions are the key tracks to
prospect further in order to achieve a reversible extraction/re-insertion
of three Na™ ions. The worst penalty of these polyanion-type materials,
beyond their rather low gravimetric capacity, remains their composi-
tion, as vanadium is a critical and highly toxic element, at least in its V>"
oxidation state. Its replacement by environmentally friendly elements
(such as Fe, Mn) remains another challenge, as recent trials were
demonstrated to be unsuccessful [67].

2.1.3. Prussian blue analogues (PBA)

PBAs are cyano-coordination compounds with general formula AxM
[M'(CN)g]1.y.zH20 where A = alkali metal; M, M’ = transition metal ion
and y is the fraction of vacancies present in the crystal structure [74,75].
They exhibit a three-dimensional framework with open channels for
rapid alkali metal conduction (Fig. 2c), hence finding attractive appli-
cations as high power positive [20] and negative electrodes in NIBs.
Through careful tuning of the transition metal ion, hence the redox
potential, it is possible to use these compounds on either side [76]. For
example, the US based company Natron energy proposes Na-ion cells
made of a mixed metal hexacyanoferrate at the positive and a manga-
nese hexacyanomanganate at the negative to achieve high power rate
capabilities [77,78].

A maximum of ~2e” can be exchanged with PBAs using both M and
M’ as redox active transition metal ions, whose redox potential depends
on their nature [79]. Hence, 2Na™ insertion was reported for the stoi-
chiometric composition NasFeFe(CN)g leading to a competitive capacity
of ~170 mAh.g™! at an average cell voltage of ~2.7 V vs Na*/Na [80].
The presence of vacancies was found to limit the sodium ion storage
capacity.

With continuous research efforts and optimization strategies, the
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composition Nay_sMnFe(CN)g.yH20 developed by Sharp Laboratories of
America, Inc. showed the most attractive capacity of ~140 mAh.g™* at
an average cell voltage of 3.4 V, thus providing a specific energy of
~520 Wh. kg’l, a value close to that of LiFePOy4 in LIBs [20]. Prototype
sodium ion cells using Nas_sMnFe(CN)g.yHoO were developed by the US
based start-up Novasis, and high power rates with stable cycling (~85%
capacity retention after 500 cycles at 0.1C rate) were achieved (Fig. 3b)
[20]. The added advantage of PBAs is the simplicity of synthesis: for
some attractive compositions a simple precipitation reaction conducted
at low temperature is used for their preparation without the need for
high temperature calcination [81]. PBAs are made of non-toxic and
sustainable transition metal ions and show good stability in moist air,
thus reducing the requirement of strict control of atmosphere during
material storage and processing. The presence of cyanide group and the
possible release of toxic (e.g. HCN) gases during decomposition can be
problematic, but the studies showed that these compounds are thermally
stable up to 200 °C [82].

Overall, PBAs with an achieved specific energy close to that of NVPFs
and high-power rate capability exert attractive qualities for the fabri-
cation of cheap NIB electrodes. However, PBAs have low density leading
to poor volumetric energy density compared to sodium layered oxides
[83], see section 5 for more details. The other impeding criterion is the
presence of water molecules within the crystal structure and the poor
knowledge about its effect on the electrochemistry. PBAs have 2 types of
water molecules in their structure, i.e. zeolitic and coordinated water.
Zeolitic water molecules, that occupy the alkali (Na™) position, can be
easily removed while the water molecules coordinated with the M-site
ions generally undergo electrochemical decomposition at high poten-
tials during cycling [84]. Complete removal of water molecules have
been achieved by vacuum drying of PBAs at low temperatures (100 °C),
however the resulting material is found to show pronounced structural
distortions that reduce the cycle life [84]. Thus, by better understanding
the role of water molecules and identifying a strategy to reduce/control
its amount, one can hope that PBAs would reach commercial success in
high power applications despite of their poor energy density.

2.2. Negative electrode materials

In this section a brief overview of the state-of-art negative electrode
materials for NIBs will be presented. Negative electrode materials can be
classified in five different types according to their reaction mechanism,
namely: insertion-based negative electrodes, including carbon and Ti-
based oxides, alloying compounds, conversion-type materials and
mixed alloying-conversion systems. Their typical electrochemical
properties in terms of delivered capacity, operating working voltage,
and voltage-composition signature are shown on Fig. 4. Herein, elec-
trochemistry, structure and morphology will be discussed in combina-
tion with their reaction mechanisms and performance. A more
comprehensive literature survey describing these classes of negative
electrode materials for NIBs has been already reported, and well sum-
marized in previous reviews [85-90]. Therefore, the purpose of the
present review is to highlight the most promising identified negative
electrode materials for successful implementation in future commercial
NIB prototypes with different energy and power requirements.

2.2.1. Carbonaceous materials

Throughout the development of the LIB technology, the active ma-
terial for the negative electrode evolved from soft carbon (SC) used in
the seminal Sony cell of 1991, later replaced by HC for enhanced energy
density, to finally graphite when electrolyte optimization allowed to
forbid the detrimental solvent co-intercalation [100].

Similar to the positive electrode materials, the search for negative
electrode active materials for NIBs followed the steps of the Li-ion
technology, although with some notable differences. Graphite has
been soon discarded for its impossibility to form Na binary intercalation
compounds, in favour of non-graphitic SC and HC. While both SC and
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Fig. 4. Selected carbon-based, Ti-based insertion, alloying, conversion, and alloying/conversion negative electrode materials reported for NIB application. (a) 1% and
2" cycles voltage profiles for filter paper-derived micro-nano structure carbon (DPC-A) electrode (current density: 20 mA g~'; electrolyte: 1 M NaClO4 — EC:PC (1:1,
v/v)) [91]; (b) graphite cycled in glyme based electrolyte (current density: 200 mA g’l ; electrolyte: 1 M NaClO4 TEGDME) [92]; (¢) Sn nanodots finely encapsulated
in porous N-doped carbon (NDs@PNC fiber) (current density: 200 mA g’l; electrolyte: 1 M NaClO4 -PC (4+5% vol FEC)) [93]; (d) phosphorous-graphene composite
(P content of 52.2%, current density: 250 mA g’l; electrolyte: 1 M NaClO4 — EC:DEC+5%vol FEC) [94]; (e) Sb/C nanocomposite (current density: 100 mA g’l;
electrolyte: 1 M NaPFg —EC:DEC) [95]; (f) TiO, nanosheets/reduced graphene oxide composite (TiO, NSs@rGO) (current density: 1C; electrolyte: 1 M NaClO4 — PC:
FEC (95:5, v/v)) [96]; (8) Microspheric Na,Ti3O; (current density: 354 mA g’l; electrolyte: 1 M NaClO4 -PC) [97]; (h) MoS,/reduced graphene oxide (RGO)
nano-composite (current density: 20 mA g’l; electrolyte: 1 M NaClO4 -EC:PC (1:1, v/v)) [98]; (i) Sbo,O3/reduced graphene oxide (RGO) composite (current density:
100 mA g’l; electrolyte: 1 M NaClO4 —EC:PC (1:1, w/w) + 5 wt% FEC)) [99]. The table below the figure summarizes the advantageous (green) and disadvantageous
(red) properties of each material in terms of energy, rate and cost/sustainability. Capacity values of composites (c,d,e,f,h,i) are given as reported, that is normalized
over the total mass of composites except for P/C (d) and Sb/C (e) for which it is normalized to the metal mass. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

HC present a sloping voltage-composition curve below 1 V, HCs exhibit
an additional low voltage plateau below 100 mV (Figs. 4a and 5a). This
boosts the capacity up to the range of 300-350 mAh.g~! and lowers the
working voltage down to 0.3-0.4 V, with best reports reaching initial
Coulombic efficiencies above 80% [101,102]. Specific capacities are
further improvable up to 400 mAh g~! by high temperature treatment
[103], allowing a significant improvement in terms of specific energy
compared to the best SCs, which have demonstrated specific capacities
in the range of 200-250 mAh.g ! with working voltages around 0.5-0.6
V and best Coulombic efficiencies within the range of 70-80% [104].
Although it has been suggested that optimized SC exhibits superior rate
capability, HC remains the present benchmark for negative electrodes of
NIBs from the perspective of energy density.

Indeed, while a variety of chemistries and compounds were proposed
at the positive electrode side, the implementation of HC at the negative
electrode side is a constant feature among all the research efforts carried
out worldwide to make NIBs a commercial reality. Examples include the
first cylindrical “18650” NIB cell using HC negative electrodes vs NVPF
as the positive electrode by the joint effort from the French National
Centre for Scientific Research (CNRS) and the French Alternative En-
ergies and Atomic Energy Commission (CEA) (Fig. 3c) [105]. Likewise,
the work performed at Sharp Laboratories of America Inc. and later at
Novasis Energies Inc. generated a sodium cell employing a Prussian blue
positive electrode and a HC negative electrode [20]. Finally, the Far-
adion Limited’s cell employs a layered oxide positive electrode and a HC
based negative electrode [106], as well as the Hi-Na battery developed
in China [107].

However, despite an important role of HC towards commercializa-
tion of NIBs, the gap in performance compared to graphite in LIBs mo-
tivates an intense effort to push it even further. Two main strategies are
being followed [108]. On one side, some groups seek an increase of the
capacity of HC while maintaining its characteristically low working
voltage, see e.g. Refs. [101,109-111]. On the other side, the exploration
of alternative forms of sp2 carbon is explored to boost the (pseudo)
ad/chemisorption contribution to the capacity. These forms include
graphene-related materials and other doped (and undoped) carbon
materials with a high specific surface area [111-113] This led, in certain
cases, to a huge gain in capacity but at the cost of higher potentials and
poorer Coulombic efficiencies [114], with a limited gain in terms of
practical energy density at full cell level compared to best HCs [108].
The understanding of the mechanism of Na storage in HC currently
appears to be a bottleneck in the further development, as it hampers the
identification of design guidelines to circumvent the trade-off between
high capacity, low working potential and high Coulombic efficiency [87,
108,115].

SCs and HCs are spz—type carbon polymorphs which show a tendency
to generate layered structures with various degrees of distortion and
disorder, where graphene serves as a building block. Non-graphitic SC
and HC are typically produced by the pyrolysis of organic precursors at
temperatures between 500 and 1500 °C. Whether the final product after
pyrolysis will be HC or SC mainly depends on the nature of the pre-
cursor. HC precursors are typically obtained by carbonization of oxygen-
rich precursors including plant-derived biomasses, sucrose, glucose,

cellulose, and lignin. Meanwhile SC is primarily derived from hydrogen-
rich precursors such as hydrocarbon, and aromatic compounds. A
detailed literature survey of precursors employed for SCs and HCs is
given in other insightful review papers [87,108,116].

The designation “soft” and “hard carbon” derives from their me-
chanical strength, which, as well as their ability to graphitize, depends
on the plasticity of their layered structure [87,108,117]. Indeed,
graphitization involves the transformation of the fully turbostratic
initial structure to an ABAB or ABCABC layer stacking arrangement,
which requires the layers to glide and spin [117,118]. Similar to
graphite, the structure of SCs exhibits such plasticity providing softness
under stress and ability to graphitize above 2200 °C (graphitizable
carbons). On the contrary, the fine structure of HC forbids this plasticity,
inducing mechanical hardness and inability to graphitize even at tem-
peratures higher than 3000 °C (“non-graphitizable carbon™).

Despite the seminal publications by R. Franklin reported 70 years
ago [117], the complex multiscale structure and microstructure of HC is
still not fully understood [87,108]. Several questions about the internal
structure of HC still remain open, particularly addressing the influence
of the structure on its electrochemical behaviour. Will a full under-
standing of the HC’s structure enable a rational design of advanced HC
negative electrodes? Or will technological development and optimiza-
tion of the material processing allow to overcome and essentially neglect
the scientific question? Such dilemma behind the research efforts
currently ongoing in academic and industrial centres still remains.
However, despite these questions, a common reporting methodology
and testing protocol should be adopted by the scientific community to
enable a fair comparison among cell performance and elucidate the
hidden structure-function correlations. Many aspects are in the control
of such structure-property relationship, including the unit cell parame-
ters and defects of the local layered structure, the microstructural fea-
tures forbidding layers gliding and rotation, the presence of closed and
open micropores, or the presence of H and heteroatoms such as O or N.
Such complexity induces a multitude of potential redox active chemical,
structural and microstructural features. It also makes the view of the
structure and microstructure strongly dependent on the characterization
technique used. This leads to many proposed potential mechanisms,
such as interlayer intercalation, ad-/chemisorption at defect and het-
eroatom sites of the open micropores, Na® pseudo-adsorption or clus-
tering in the closed microporosity [87,108,110,119,120]. The balance
between these mechanisms is highly dependent on the precursor and the
synthetic conditions, and, thus, its assignment to the various voltage
regions of HC is often contradictive between reports [87,108,109,116,
119-123].

Among the large number of scientific reports focused on the mech-
anisms of charge storage in HC, a few relevant elements offering design
clues will be highlighted here. The use of intensity calibrated small-
angle X-ray scattering (SAXS) has recently shown that HC having a
low surface area as detected by gas adsorption (which is required to
ensure high Coulombic efficiency) [87,108], can at the same time
exhibit a high concentration of closed micropores (ca. 25% in volume)
[124]. Such studies open the door for potential increase of the capacity
by fine-tuning of the closed microporosity without affecting the
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Fig. 5. Cycling performance of the selected carbon-based, Ti-based insertion, alloying, conversion, and alloying/conversion negative electrode materials. The
corresponding 1% and 2™ voltage profiles are reported in Fig. 4. (a) Filter paper-derived micro-nano structure carbon (DPC-A) electrode (current density: 20 mA g~%;
electrolyte: 1 M NaClO4 — EC:PC (1:1, v/v)). Inset reporting the schematic illustration of the synthesis procedure. Reprinted and adapted from Refs. [91] with
permission from Springer Nature Copyright © (2016), distributed under the terms of the Creative Commons CC BY license; (b) graphite cycled in glyme based
electrolyte (current density: 200 mA g~ '; electrolyte: 1 M NaClO4 TEGDME); Inset reporting the corresponding voltage profile at the 1st, 100th and 500th cycles.
Reprinted and adapted from Refs. [92] with permission from Elsevier B-V Copyright © (2016); (c) Sn nanodots finely encapsulated in porous N-doped carbon
(NDs@PNC fiber) (current density: 2000 mA g~ ; electrolyte: 1 M NaClO4 —PC (+5% vol FEC)). Reprinted and adapted from Ref. [93] with permission WILEY-VCH
Verlag GmbH & Co Copyright © (2015); (d) phosphorous-graphene composite (P content of 52.2%), (current density: 250 mA g~!; electrolyte: 1 M NaClO4 — EC:
DEC+5%vol FEC). Reprinted and adapted from Ref. [94] with permission from WILEY-VCH Verlag GmbH & Co Copyright © (2015); (e) Sb/C nanocomposite cycling
(current density: 100 mA g~!; electrolyte: 1 M NaClO4 — EG:DEC vs. 1 M NaClO, — EC:DEG+5%FEC) with associated changes of the SEI film resistances. Reprinted
and adapted from Ref. [95] with permission from The Royal Society of Chemistry Copyright © (2012); (f) TiO, nanosheets/reduced graphene oxide composite (TiO4
NSs@rGO) (current density: 20C; electrolyte: 1 M NaClO4 — PC:FEC (95:5, v/v)). Reprinted and adapted from Ref. [96] with permission from IOP Publishing Ltd
Copyright © (2018); (g) Microspheric Na,TizO (current densities: 354 mA g’l, 885 mA g’l, 1770 mA g’l, 3540 mA g’l; electrolyte: 1 M NaClO4 —PC). Reprinted
and adapted from Ref. [97] with permission from The Royal Society of Chemistry Copyright © (2013); (h) MoS,/reduced graphene oxide (RGO) nano-composite
(current density: 20 mA g~; electrolyte: 1 M NaClO4 — EC:PC (1:1, v/v)). Inset reporting associated SEM images of the nanocomposite electrode. Reprinted and
adapted from Ref. [98] with permission from WILEY-VCH Verlag GmbH & Co Copyright © (2015); (i) Sb2Os/reduced graphene oxide (RGO) composites with
different carbon ratio (current density: 100 mA g’l; electrolyte: 1 M NaClO4 — EC:PC (1:1, w/w) +5 wt% FEC)). Reprinted and adapted from Refs. [99] with
permission from Elsevier Ltd and Techna Group S. r.1. Copyright © (2016). Capacity values of composites (c,d,e,f,h,i) are given as reported, that is normalized over
Ehe total mass of composites except for P/C (d) and Sb/C (e) for which it is normalized to the metal mass.

Coulombic efficiency and identify SAXS as a tool capable of character- another processing step, but also affects practical capacity as well as
izing this essential feature. Another interesting approach is that of Li energy density due to decrease of the electrode density and addition of
et al. [109], which demonstrates that S and P dopants can be used to “dead weight”.
fine-tune the structure and microstructure of the final carbon by modi- The alloy-forming materials are generally represented by individual
fying the carbonization process, although only trace amount of dopants elements and could be divided into two primary groups according to
are present in the final carbon. The wide range of precursors offered by their position in the periodic table — representatives of group 14 and
vegetal biomass also represent a tremendous reservoir for unexpected group 15. In addition, a number of examples of binary and tertiary alloys
discoveries [87,108]. As it will be discussed in section 2.3 of the present have also been reported [132-134]. The majority of the materials
review, the amount of charge lost for the SEI formation is strongly studied for this purpose are represented by rather benign and abundant
affected by the chemistry and quality of the electrolyte [112], whose elements, while potentially promising lead and arsenic were eliminated
optimization could allow mitigating the poor Coulombic efficiency of due to their toxicity [135,136].
otherwise highly performing carbons. The Na*-solvent co-intercalation Group 14. The group 14 is represented by 3 main contributors to the
phenomena discovered in graphite with ether-based (glyme) electro- field - silicon (Si), germanium (Ge) and tin (Sn). Despite its attractive-
lytes is also worth mentioning [92,125-127]. Although ca. 100 mAh.g™? ness in LIBs, Si was not that successful in NIBs. The reported phase di-
at about 1 V reached in co-intercalated graphite is too far to consider agram of the Na/Si system illustrated the potential of forming a binary
competition with HC (Figs. 4b and 5b), this is an interesting unexpected alloy with 1 Na atom per 1 atom of Si [137]. Due to poor Na diffusion
option to manipulate the mechanism of charge storage in carbonaceous kinetics, bulk Si is not attractive, whereas the potential of Si nano-
materials [112]. particles was demonstrated providing capacity retention of 248 mA g~!
Beyond improvements of the performance metrics, a great challenge after 100 cycles when cycled at 20 mA g ~* between 0.01 and 2.8 V [138,
for HC is represented by the safety concerns: most of its capacity is 139]. Germanium, being substantially less abundant and therefore less
delivered in the low voltage plateau below 100 mV [87], i.e. slightly attractive, has shown similar chemistry to silicon with possibility to
above Na metal plating. At elevated charge rates and/or low tempera- alloy with 1 atom of Na per 1 atom of Ge [140,141].
tures, this could lead to undesired dendrite formation and thermal Tin has been viewed as the most promising negative electrode ma-
runaway. In addition to the above-mentioned considerations, it is terial among the group 14 elements, due to its high theoretical capacity

important to properly select the precursors for HC and follow the of 847 mAh.g~! achieved by the formation of NajsSny4 (Figs. 4c and 5¢)
low-cost and sustainable philosophy of NIBs. The cost and abundancy of [93,142]. Another benefit of tin is its high abundancy, non-toxicity and

the precursor, the renewable nature of its production, the yield of its low cost. The alloying of Sn and Na is multi-step process progressing
carbonization or the toxicity of the released gases are all critical pa- from Sn to NaSns — NaSn — NagSn4 — Naj5Sn4 [143]. Such high capacity
rameters to be taken into account for a rational choice of the precursor of Sn ultimately results in high volumetric changes during its electro-
[7,128]. chemical operation as a negative electrode. The 420% volume expansion
during sodiation and subsequent contraction during de-sodiation are the
2.2.2. Alloy-forming materials main obstacles for the use of Sn [144]. Such behaviour demonstrates a
Alloy-forming materials have been proposed to deliver a substan- number of similarities between Sn in NIBs and Si in LIBs and therefore
tially improved capacity as negative electrodes compared to HCs while the majority of strategies for mitigation of Sn volume expansion upon
still operating at low potentials [129]. The possibility of delivering a cycling were adopted from Si-based negative electrodes. Such strategies
large number of Na per each atom of the host negative electrode ma- allowed to demonstrate capacity retention of 483 mAh.g™* over 1300
terial has always been attractive and was the primary driving force for cycles when cycled at 2000 mA g~ for ultra-small Sn nanodots (1-2 nm)
the development of the alloy-forming materials. In comparison with embedded in N-doped carbon nanofibers as illustrated in Figs. 4c and 5¢
HCs, the substantially higher capacity of these materials leads to sta- [93,95]. The most promising pathways are represented by nanosizing
bility issues originating from the large volumetric changes associated [145], electrolyte engineering [146], incorporation into various
with sodiation/de-sodiation. Those issues are often addressed by nano- carbon-containing structures [147], doping and alloying with other el-
structuring, core/shell structures and preparation of composite mate- ements such as Si, Sb and others [131].
rials designed to mitigate pulverization of the active materials during Group 15. The elements from the group 15 (phosphorus, antimony,
cycling [130,131]. Despite their promising properties the main question bismuth and even toxic arsenic) were found to be attractive candidates
still remains: could these materials be efficiently stabilized to provide for the negative electrode materials in NIBs (Fig. 4e) [148]. Among them
long-term cycling stability without compromising energy density? The phosphorous represents an attractive candidate due to its low atomic
addition of the stabilizing components (often carbon) not only adds weight and its ability to form NagP at low potential, with a theoretical
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capacity of 2596 mAh.g™! — the highest capacity among all potential
negative electrode materials for NIBs [149]. Phosphorus exists in three
main allotropes; however, white phosphorus is extremely flammable
and therefore cannot be considered practical for batteries [150]. Red
phosphorus is amorphous, while black phosphorus is crystalline, and
both allotropes have been extensively studied. The majority of the
published works report on the use of phosphorus/carbon composites
because of the enormous volumetric changes (490%) [151], and because
of the intrinsically poor electronic conductivity of P (1 x 107 **Sem ™).
One of the best performances achieved for such a system was accom-
plished using phosphorus-graphene composites (Figs. 4d and 5d) [94,
152]. Hierarchical micro/nanostructuration might lead to further im-
provements, as has been recently shown for P-based composites for LIBs
[153]. Among the other elements of group 15, several studies have been
reported on the use of antimony based negative electrodes [132,154,
155]. In its carbon nanocomposite form, Sb/C can reversibly alloy up to
3 Na and deliver a specific capacity approaching 610 mAh.g~! based on
Sb mass, with satisfactory rate capability and a long-term cycling sta-
bility with 94% capacity retention over 100 cycles (Figs. 4e) and 5(e))
[95], however concerns about its toxicity, cost and sustainability hinder
its applicability.

2.2.3. Oxides and chalcogenides

Metal oxides and chalcogenides have been widely explored for LIBs.
Despite the chemical similarities between the two classes, different
mechanisms describe their operation: intercalation, conversion and
alloying/conversion materials [85,86,88-90]. The work conducted with
oxides and chalcogenides is divided herein into two subsections:
titanium-based oxide materials and conversion materials.

The first group is primarily represented by titanium oxide itself and
its derivatives which operate through an insertion mechanism. Such
titanium-based oxides, despite their relatively high operating voltage vs
Na'/Na and rather poor initial Coulombic efficiency (Figs. 4f and 5f)
[96], have been considered as promising materials due to their low cost,
low toxicity and availability. All the mechanisms involved upon elec-
trochemical cycling of these compounds are similar and based on the
Ti**3* redox couple [156,157]. Unlike the alloy-forming materials,
oxides are generally characterized by less impressive capacity (compa-
rable with that of HC though), which however represents an opportunity
for longer cycle life due to minimized volumetric changes upon cycling.
Several polymorphs have been identified and reported with the most
promising one being anatase due to the lowest activation barrier for
sodium insertion [158]. However, in general, titanium oxides suffer
from relatively low conductivity and therefore various doping strategies
have been deployed to improve the electronic conductivity of these
material [159-161]. The sluggish sodium kinetics in titanium dioxide
drives the development of nanostructures, chemical modifications and
preparation of composites to enable fast charging in these materials.
Such approach resulted in preparation of TiOy nanosheets/graphene
oxide composites which are capable of delivering capacity of 175 mAh.
g~ ! even after 200 cycles when cycled at 1C (Fig. 5f) or the reversible
capacity of 90 mAh.g~! when cycled for 10 000 cycles at 20C [96].

Based on analogy with Li-ion batteries, Na titanates have also been
developed for NIBs [97,162]. Among them, the most promising repre-
sentative is NayTizO; exhibiting the lowest operating voltage in the
titanate family (~0.3 V vs Na™/Na) [163], although with limited ca-
pacity, in the range of 200 mAh.g’1 (Figs. 4g and 5g) [97].

Conversion materials. Many conversion reactions can be generalized
by M,X, + (bc)-NazzaM + bNa X with M being a metal (Cu, Fe, Sn, ...)
and X being an anion (O, S, P, ...) [164,165]. The reaction involves the
formation of new phases during sodiation that are usually structurally
very different from the starting material. In most cases, sodiation leads
to the formation of an amorphous matrix of Na.X in which nanoparticles
of M are dispersed. In some cases, such as M = Sn, additional sodium can
be stored through alloy formation. The number of possible conversion
reactions and materials is quite large and in principle they all provide a
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very high theoretical capacity which makes them very appealing. Major
challenges however relate to voltage hysteresis, unstable interfaces and
poor first cycle Coulombic efficiencies as could be seen in Fig. 4h and 4i.
The insulating properties of the Na.X matrix and the volume changes
upon cycling require the addition of larger amounts of carbon as well.
Careful optimization of the electrode composition and the electrolyte
are therefore necessary to enhance the electrochemical properties.

Transition metal oxides have been considered as potential negative
electrode material due to their intrinsic stability and relative abundancy
[166]. While iron, tin, cobalt and copper oxides represent the largest
studied area, others such as antimony (Figs. 4i and 5i), nickel and mo-
lybdenum oxides have been also studied [99]. Transition metal sulfides
are a promising alternative to the oxides due to better reversibility of the
sodiation-de-sodiation process resulting in higher Coulombic efficiency
and better stability [167]. Therefore, many transition metal sulfides
have been studied in view of their performance as negative electrodes in
NIBs [98]. Among them, two of the most popular candidates could be
highlighted: iron-based sulfides and tin-based sulfides [142,166].
Although iron chalcogenides (such as FeSy) show better rate perfor-
mance and cycling stability than iron oxides, the high operating voltage
(above 0.6 V vs Na'/Na) of iron chalcogenides hinders their applica-
tions. Sulfides of tin (II) and tin (IV) rely on the conversion reaction
followed by the alloying with tin and therefore, these materials are
capable of delivering the sodiation capacities around 600 mAh.g~!
[168], however, similarly to iron oxides, their operating voltage is still
quite high. The tremendous interest to the 2D materials gave rise to the
whole subfamily of the layered chalcogenides as potential negative
electrode materials not only for LIBs, but for NIBs as well. Among those,
MoS; with S-Mo-S motifs stacked together by van der Waals forces is the
most common representative, however, a variety of similar chalcogen-
ides have been reported in the literature and covered in several reviews
[169,170]. As a typical conversion-type material, MoS, allows to ach-
ieve a theoretical capacity of ~670 mAh.g™! for complete sodiation
[169]. However, its layered structure provides a variety of opportunities
for material engineering aimed to mitigate the problems of volumetric
changes, low electrical conductivity and improve ion diffusion. Those
typically include preparation of different heterostructures and com-
posites combining layers of MoS, with different carbon-containing
species [171-174]. Despite a respectable electrochemical performance
(Figs. 4h and 5h), the complexity of these materials in terms of their
mass production in a controlled fashion raises a question of their
applicability in the real batteries in the nearest future.

In addition to oxides and chalcogenides, metal phosphides represent
one of the promising candidates in the present group [175]. They
combine the conversion reaction resulting in the formation of phos-
phorus within the network of metal atoms which provide electronic
conductivity. The formed phosphorus undergoes the alloying reaction
described above delivering high capacity. Importantly, the pulverization
problems associated with the use of phosphorus is partially mitigated in
these compounds [176].

2.3. Liquid electrolytes and Solid Electrolyte Interphase (SED)

Despite a number of studies which were devoted to the identification
of the optimal electrolyte for NIBs, a standard well performing electro-
lyte has not been identified yet, as the performance of all the electrolyte
formulations strongly depends on the specific chemistry of the electrode
used in the tested cell. This highlights the crucial role of the electrode/
electrolyte interfaces and the dependency of the overall behaviour on
the specific surface reactivity of the employed electrode materials [177].

At the negative electrode side the understanding of the Solid Elec-
trolyte Interphase (SEI) in NIBs may represent a key turning point for the
development of the technology. It is well known that the formation of a
stable SEI in NIBs is generally hindered by the higher solubility of the
sodium salts and sodium-based SEI components when compared to the
lithium parental compounds [146,178-181].
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Most of the reported investigations of liquid electrolytes for NIBs
have been focused on the use of sodium salts containing perchlorate
(Cl0g), hexafluorophosphate (PFg), trifluoromethanesulfonate
(CF3S03, OTf ), bis(fluorosulfonyl)imide ([N(SO2F)2]", FSI"), and bis
(trifluoromethanesulfonyl)imide ([N(CF3SO3)2]", TFSI™) anions, com-
bined with organic solvent mixtures of linear or cyclic carbonates and
ethers [177,179]. Besides the conventional systems, ionic liquids (ILs)
and aqueous-based systems have also been proposed. Table 1 collects
the ionic conductivity values at room temperature for selected electro-
lyte systems described in literature [177,179].

While NaClO4 was commonly used as a salt at the early stages of
research for Na-based systems, the use of this salt is currently not rec-
ommended due to its potentially explosive character. Thus, NaPFg is the
most widely employed salt in carbonate-based electrolytes. It is impor-
tant to point out that the purity of NaPFg strongly affects the electro-
chemical performance of the investigated systems. Indeed, battery grade
NaPFg, when dissolved in carbonates, generally leads to colourless and
transparent electrolyte solutions, with improved electrochemical
response compared to chemistry grade [182], especially in terms of
capacity retention and Coulombic efficiency. Alternatively, parasitic
reactions are often observed when using non-battery grade NaPFg most
likely attributable to impurities and secondary salt decomposition re-
actions [182].

Solvent systems utilizing propylene carbonate (PC) based electro-
lytes or mixtures of ethylene carbonate (EC) and dimethyl carbonate
(DMC) are the most commonly used for electrolyte preparation [64,
179]. However, more recently, it has been reported that linear carbon-
ates might have a detrimental effect on cell performance (unstable SEI

Table 1
Ionic conductivity values reported in literature for different classes of Na-based
electrolytes.

Electrolyte Conductivity/  Reference
mS.cm !
1.0 M NPFg PC 7.98 at 20 °C [223]
1.0 M NaClO4 PC 6.4 at 20 °C [223]
1.0 M NaTFSI PC 6.2 at 20 °C [223]
1.0 M NaClO4 EC:PC (50:50 wt%) 8.0 at 20 °C [223]
1.0 M NaClO4 EC:DMC (50:50 wt%) 10.2 at 20 °C [223]
1.0 M NaClO4 EC:DEC (50:50 wt%) 6.3 at 20 °C [223]
1.0 M NaClO4 TRIGLYME 3.8at20°C [223]
1.0 M NaClO4 EC:TRIGLYME (50:50 wt%) 7.0 at 20 °C [223]
1.0 M NaClO4 EC:DME (50:50 wt%) 12.5 at 20 °C [223]
0.8 M NaOTf EC:DMC (30:70 wt %) 3.7 at 40 °C [224]
0.6 M NaPFg EC:DMC (30:70 wt %) 6.6 at 40 °C [224]
1.0 M NaClO4 EC:DMC (30:70 wt %) 5.0 at 40 °C [224]
F3F NaFSI-PYR;3FSI (1:9 Molar ratio) 5.0 at 20 °C [204]
F14F NaFSI-PYR4FSI (1:9 Molar ratio) 3.0at20°C [204]
F14FT NaFSI-PYR 4FSI-PYR 4TFSI (1:4:5 Molar ratio) 2.0 at 20 °C [204]
F14T NaFSI-PYR4TFSI (1:9 Molar ratio) 1.0 at 20° [204]
1.0 M NaBF4 BMP-TFSI (Butylmethylpyrrolidinium- 1.9 at 25°C [225]
TFSI)
1.0 M NaClO4 BMP-TFSI (Butylmethylpyrrolidinium- 1.0 at 25°C [225]
TFSI)
1.0 M NaTFSI BMP-TFSI (Butylmethylpyrrolidinium- 0.5 at 25°C [225]
TFSI)
1.0 M NaPFg BMP-TFSI (Butylmethylpyrrolidinium- 0.4 at 25°C [225]
TFSI)
1.0 M NaPFg in FEC/PC/1,1,2,2-tetrafluoroethyl 5.8 at RT [212]
2,2,3,3-tetrafluoropropyl ether (HFE) + perfluoro-
2-methyl-3-pentanone (PFMP)
1.0 M NaFSA/TMP (trimethyl phosphate) 7.9 at 30 °C [213]
3.3 M NaFSA/TMP (trimethyl phosphate) 2.2at30°C [213]
2 M NaTFSI/TMP + FEC 6.0 at RT [214]
0.05 M NaySO4 H,0 10 at 25°C [226]
0.5 M Na,SO4 H,0 65 at 25°C [226]
2.0 M Na»SO4 H,0 125 at 25°C [226]
1.0 M NaNO3 H,O 80 at 25°C [226]
5.0 M NaNO3 H,O 195 at 25°C [226]
7.0 m NaOTF H,0 + 8.0 m NaOTf PC (1:1 wt%) 25 at 20 °C [227]
15 m NaFSI H,O 90 at 20 °C [228]
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formation) [183], especially at high temperatures. That is attributed to
the formation of parasitic reduction products at the negative electrode
diffusing back into the electrolyte solution and depositing at the positive
electrode side. This effect further highlights the difference between so-
dium and lithium systems, where linear carbonates are commonly
employed without any limitations.

Additives represent another crucial component of electrolyte
formulation, able to form compact, uniform and stable SEIs, thus sub-
stantially contributing to the cell’s cycle life, rate capability and dura-
bility. For instance, Komaba et al. [184] reported the effect of
fluoroethylene carbonate (FEC), trans-difluoroetyhene carbonate
(DFEC), and vinylene carbonate (VC) on the electrochemical properties
of Na/HC cells. It was found that by adding 2% in volume of FEC into the
electrolyte the electrochemical response was greatly improved, while
DFEC and VC had a negligible influence. The study was conducted
employing a NaClO4-based electrolyte. However, Delmas et al. [185]
reported on the beneficial effect of both VC and FEC on the cycling
stability of layered positive electrode materials when using a NaPFg
containing electrolyte. Darwiche et al. [186] investigated the effect of
FEC in sodium cells using a Sb-based negative electrode material.
Outstanding performance in terms of capacity retention (100%) was
reported for the electrolyte with added FEC, while only 2% of the initial
capacity was retained in the FEC-free electrolyte after 100 cycles. It is
important to point out that the studies were performed in half-cell
configuration, employing a Na metal counter electrode, which has
been shown to have a great impact on the observed performance [183,
187-189]. Recent studies in NVPF/HC Na-ion full cells with NaPFg
EC-PC electrolytes showed that optimum cell performance could be
reached by using mixture of additives (including sodium difluoro
(oxalato)borate (NaODFB), succinonitrile (SN), 1,3-propane sultone
(PS) and VC) which work in synergy with each other [190].

Interestingly, ether-based electrolytes have shown excellent perfor-
mances. They not only have been successfully employed to enable co-
intercalation of solvated Na™ ions into graphite [125,191], but they
also present an ability to form a very stable SEI and enhance the Na
stripping/plating efficiency. While for LIBs glyme-based electrolytes
have been outperformed by ester-based ones, whether glymes will be a
valid alternative electrolyte system for NIBs is still an open question.
Will their limited anodic stability enable their use in the next generation
high voltage NIB cells? More studies on their compatibility with positive
electrode materials is required and an analysis on the impact of their
toxicity should be taken into account. However, at the negative elec-
trode side interesting and promising results have been reported. Cui
et al. [192] demonstrated that a highly reversible plating/stripping
process (dendritic-free) was achieved at room temperature by using
NaPFg-glyme systems. Such effect is most likely attributable to a uniform
inorganic-rich SEI layer formation, impermeable to electrolyte solvent.
The improved sodium storage behaviour with ether-based electrolytes
has been reported for several materials including CuS nanosheets [193],
bismuth [194], Sn [195,196], high specific surface area carbon [112]
and TiO2 [197]. In all cases and independently of the electrode chem-
istry, the enhanced performance was attributed to the formation of a
thin, compact and uniform SEI enabling fast Na* ion transport. How-
ever, issues related to the use of glymes were also reported for HC [198]
and Sb [199].

Besides optimal ionic conductivity, viscosity and satisfactory elec-
trochemical performance, ester- and ether-based electrolytes suffer from
high flammability and low anodic stability respectively. In search of
safer high voltage electrolytes, ionic liquids (IL)-based electrolytes have
been widely investigated as a promising alternative [200]. The research
on ILs finds its primary motivation within the green chemistry approach.
Indeed, the general use of non-volatile solvents such as ILs is a
well-perceived strategy toward the reduction of waste, toxicity, and
hazards at the industrial scale [201].

ILs generally present lower conductivity and higher viscosity than
carbonate-based electrolytes, however they are generally successfully
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employed when coupled with positive electrode materials. For instance,
the electrochemical activity of the Ni2™/3*redox couple of a Na4Nis(-
P04)2(P207) positive electrode was firstly experimentally reported by
using a NaTFSI:Py;3FSI (1:9 mol ratio) electrolyte [202]. Improved
electrochemical behaviour of both layered oxides and polyanionic ma-
terials has been demonstrated, associated to the ability of ILs to hinder
manganese dissolution and improve the properties of the positive elec-
trode/electrolyte interface [203-206].

Nitta et al. [207] reported the electrochemical performance of a HC
negative electrode in Na [FSA]-[C3Cipyrr][FSA] (FSA = bis(fluo-
rosulfonyl)amide, C3C;pyrr = N-methyl-N-propylpyrrolidinium) IL over
a wide temperature range of —10 °C to 90 °C. A stable cyclability was
observed for the HC electrode at 90 °C, with a capacity retention ratio of
84% after 500 cycles. A full-cell voltage of 2.8 V with Coulombic effi-
ciency higher than 99% was achieved by using NaCrO, as the positive
electrode at 90 °C. Promising results have also been achieved by using
alloying based negative electrode (Sb-C), as reported with a room
temperature ionic IL-based NIB [208]. Moreover, it has been reported
that IL-based electrolytes have a beneficial effect on the SEI stability
when coupled with a TiOy based negative electrode attributed to an
overall decrease of the cell resistance [209] as demonstrated by the
excellent cycling stability and Coulombic efficiency. However, it is
worth noting that the high cost of ILs-based electrolyte (mostly associ-
ated to their purification) still represents a serious obstacle for their
successful implementation as electrolytes or additives [210].

In search of non-flammable electrolytes, substitution of H atoms in
carbonate or ether solvents with F can dramatically increase their flash
points. In 2001 Wang et al. reported on the fundamental properties of
trimethyl phosphate (TMP) solvent-containing electrolytes for use in
LIBs [211]. It is proposed that a F to H ratio exceeding 4 leads to the
obtainment of totally non-flammable electrolytes. The property arises
from the ability of fluorine to capture oxygen and hydrogen radicals
when catching fire. Recently, organic phosphate-based electrolytes have
attracted attention also for Na-metal [212], Na-ion [213] and Na/S
[214] systems due to their intrinsic non-flammability, low viscosity and
satisfactory ionic conductivity, wide thermal stability, and ability to
dissolve high concentrations of sodium salts.

X. Zhen et al. [212] demonstrated that by successfully introducing a
temperature-sensitive perfluoro-2-methyl-3-pentanone (PFMP) extin-
guishant into fluoroethylene carbonate (FEC)/propylene carbonate
(PC)-based electrolytes via the bridging of non-polar highly fluorinated
ethers, a complete non-flammability and an in situ heat-dissipating ef-
fect can be achieved. In addition, the NaF-based interphase formed on
the Na metal surface and enabling a high plating/stripping stability and
a dendrite-free morphology, allows the obtainment of a cell using Na
metal at the negative electrode and high-voltage NVPF at the positive
electrode and retaining over 87.1% of the original capacity after 1000
galvanostatic cycles. Indeed, one of the most interesting properties of
this class of electrolytes is their ability to form highly fluorinated and
thin passivating electrode/electrolyte interphases enabling suppression
of deleterious side reactions at the interfaces. Thanks to the unique
NaFSA-derived inorganic passivation film formed in the concentrated
NaFSA/TMP electrolyte developed by Y. Wang et al. a HC/Na metal cell
was cycled for over 1200 cycles at C/5, corresponding to a running time
of over 15 months [213].

Another appealing class of electrolytes for NIBs is represented by
aqueous systems [215,216]. Indeed, aqueous NIBs are, in principle, very
attractive for large scale energy storage applications because of their
inherent safety, environmental friendliness, and potential low cost.
However, as for Li-based systems, the electrochemical reaction of Na™*
extraction/insertion in aqueous electrolytes is limited by the structural
instability of the electrode materials in water, leading to a limited se-
lection of electroactive materials, and by the side reactions occurring
with Hy0 or residual Oo, affecting their cycling stability [216-218]. In
addition, it should be remembered that the working potential of elec-
trode materials in aqueous electrolytes should be within the
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electrochemical stability window of water, beyond which the electrol-
ysis of HoO occurs. Y.-M. Chiang et al. [219] demonstrated the feasibility
of an aqueous NaTiy(PO4)3/Naj.44MnO5 cells with ultrafast rate capa-
bility (up to 70C) and superior high-rate cycling stability (for more than
1500 cycles). The system demonstrated a limited capacity of about 30
mAh.g ! based on the negative electrode mass which, however, does not
represent a key performance metric for aqueous batteries. It is worth
mentioning that at current rates lower than 1C the full cells experience
severe capacity fading upon cycling which is most likely associated to
the dissolution of the electrode materials.

Another interesting concept recently proposed are “water-in-salt”
(WiS) electrolytes, constituted by concentrated aqueous solutions of
salts in which the average number of water molecules available to sol-
vate each ion is far below the “solvation numbers” that are well estab-
lished for conventional electrolyte [216,220]. These systems present
unique properties conferred by the formation of contact ion pairs (CIPs)
and aggregated cation-anion pairs (ACAPs) leading to a reduced avail-
ability of solvent molecules and thus presenting high ionic conductivity
and wider electrochemical stability window [221].

Recently a symmetric aqueous Na-ion cell employing NASICON
electrodes and a sulfonate-containing WiS electrolyte exhibited
extremely stable cycling performance over 1000 cycles at 20C without
any capacity fading. It was suggested that the fluorine-rich interphases
[222] formed in concentrated aqueous electrolytes facilitate the charge
transfer and suppress electrode dissolution, as evidenced by the higher
rate-performance and lower polarization offered by cells using
fluorine-based electrolyte when compared to systems using NaClO4
[222].

Promising results have been obtained in the recent years towards
optimization and formulation of advanced electrolyte systems and stable
electrode/electrolyte interfaces and well summarized in a recently
published comprehensive overview [177]. A crucial aspect to consider
for future development is to perform the investigation of developed
electrolytes in full cell configuration, not only to avoid the detrimental
effect of the Na metal negative electrode, but also to avoid electrolyte
optimizations which are then not compatible with positive electrodes
and vice versa. A systematic and rational design of electrolytes will be
decisive for the future commercialization of NIBs, since stabilization of
the interfaces governs the operation of these inherently complicated
systems.

3. All solid-state sodium batteries

Safety issues related to flammable liquid electrolytes in standard
NIBs remain, as for LIBs, a serious concern. In this regard, all solid-state
batteries (ASSBs), which would use non-flammable sodium-conducting
solid electrolytes, are considered as potential candidates for alternative
energy storage devices, as reviewed in several recent papers [229-233].
As gathered in Ref. [233], a variety of Na-ASSBs have been designed and
tested, including mainly Na, Na/Sn or NayTi3O7 as negative electrodes
and Nay (Ni,Mn)O,, NaMnPO,4 or Na3Vy(POy)3 as positive electrodes.
Solid electrolytes may be of polymeric nature (PEO-, PAN- or
PVA-based) or inorganic ion conductors (mainly oxides and sulfides).
The first can be implemented in various geometries with high flexibility,
enhanced mechanical stability, easier processability (especially when
compared to sulfidic compounds) and improved interface compatibility
(increased contact area due to higher flexibility). Some of the most
recent advances for this class of electrolytes are described in detail in
other comprehensive review papers [234,235] However, despite the
significant progress which has been achieved since the first Na cell
containing a polymer electrolyte was reported by West et al., in 1985.
[236], polymers still suffer from poor electrochemical stability and
conductivities at room temperature. Since Na-ASSBs are still at their
infancy and far from demonstrated practical application, herein we’ll
focus our contribution on key materials and recent advances in inor-
ganic Na™ conductors research.
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The seminal development of p-f7-Al;03 (Nay0O-11Al,03 and NayO-
—-5Al1,03 respectively [237]) led to the industrial fabrication and oper-
ation of Na/S batteries (Ford motors and NGK-Japan) [238] that use
molten Na at the negative electrode at elevated temperature [239],
which may bring to safety concerns. Similar to lithium Li-ASSBs, the
development of their sodium counterparts still requires great efforts on
(i) mastering multiscale ion transport and the related interfaces, (ii)
improving chemical and electrochemical stabilities of the solid electro-
lyte vs negative or positive electrodes and (iii) optimizing mechanical
properties and advanced processing routes [240]. In such context, a
myriad of interesting Na-containing inorganic ion conductors have
already been identified, as recently reviewed by Ohno et el (Fig. 6a).
[230].

In the middle of the 70’s, NASICON - type sodium conductors
NayM2(X04)3 of general formula NajyZrsSiyP3 012 (0 <y < 3) were
proposed as solid electrolytes for Na batteries [241,242]. The content in
Na™ can be tuned by the substitution of Si' by P in the (XO4) tetrahedra
and by the substitution of Zr by a multitude of other elements on the
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(MOg) octahedra. Hundreds of subsequent studies allowed to draw
precise relationships between composition, structure (ordered mono-
clinic vs disordered rhombohedral) and mechanism (3-D correlated
motion) for Na' transport, and to identify the best compromise for the
content in Na (y close to 2-2.3) [243-245]. Recently, further improve-
ments were achieved by adding NaF at the synthesis stage of NASICON
materials, which resulted in composite electrolytes with modified grain
boundaries that allow very fast ion transport overall: 410> S cm ™! at
25 °C for Nag.oZrsSis.oP.8012-0.5NaF [246]. Interestingly, all-NASICON
solid state batteries operating at temperatures up to 200 °C, have been
built with NagZra(SiO4)2(PO4) as electrolyte and NagVy(PO4)3 at both
negative and positive electrodes [247,248].

Sodium tetrathiophosphates derived from NasPS4 [249] gained a lot
of attention since the report of a record conductivity of 2.10™%S em ™! at
RT for glass-ceramic cubic-NagPS, by Hayashi et al. [250]. Later a
tetragonal form of NagPS4 was obtained by rapid quenching from 700 °C
[259] and, more recently, the orthorhombic (Fddd) high-temperature
form y-NasPS4 was discovered [260]. The latter demonstrated a very
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Fig. 6. Conductivity vs inverse of temperature for the most important classes of Na inorganic ionic conductors mentioned in this overview. Beta-alumina [237-239],
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permission from American Chemical Society Copyright © (2020).
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fast Na™-conduction (4.107' S cm ™! at 500 °C, E, = 0.1 eV), associated
with rotational motion of the thiophosphate polyanions, as in a plastic
crystal. Attempts of doping or partial substitution of S (by Cl, Br, Se)
[261-263] or P (by Si, Sb, Ge, Sn) [251,252] resulted in facilitating the
ion transport as well as improving the moisture stability [257], opening
the door for solution-based routes for the synthesis [264,265]. Impor-
tantly, it was recently argued that the high ionic conductivity of NagPSy4
was not related to the average crystal structure (tetragonal vs cubic) but
rather to differences in defect concentrations induced by harsh
ball-milling [266].

Na-containing materials that mimic the seminal Li-containing
composition LijgGeP2S12 [267] were recently computationally
“designed” by the group of Ceder [253]. Na;(SnP,S;5, with a RT ionic
conductivity of 4.107*§ cm™! rivals the best sodium sulfide solid elec-
trolytes and its stoichiometry can be varied by substituting Sn by Ge or
Si. These findings were later on challenged by Nazar and Adams
[254-256] who reported on the new sodium superionic conductor,
Naj;SnaPS;2 (1,4.1072S. em™! at RT, E, = 0.25 V). As for y-NazPSy, the
dynamic response of the anion framework with facile (PS4)3’ anion
rotation facilitates long-range cation mobility [268]. Depending on the
sample preparation conditions (cooling rate), different degrees of dis-
order in the orientation of the PS4 groups would alter the energy land-
scape for Na't ions [269,270].

In the same vein, complex Na-containing borohydrides such as
NaBHj4, Nag(BH4)NH> and NayB;2H; 5 possess high rotational mobility of
their BH4 groups [271-274] and have been identified as promising solid
electrolytes [275] with ionic conductivities close to 10°2S em ! at 450
K. The strategy to their optimization has been focused on decreasing
their synthesis temperature to stabilize the fast-conducting phase by
substitution (with carbon as in NaCBj;Hj2 [276]) or through anion
mixing between deca- and dodeca-boranes as in Nay [BioHiplos
[B1oHi2lo.5 [277-279]. These materials appear relatively stable against
metallic Na, and 3 V batteries using NaCrO, at the positive electrode
were successfully cycled [280,281]. The antiperovskite composition of
NazOBHy, has been reported to possess an ionic conductivity of 4103 S
em ! at room temperature [282], but to the present moment has not
been reproduced [283]].

In conclusion, Na-ASSBs currently are far from being close to any
commercialization as they did not demonstrate (yet) added value vs.
their Li counterparts (see Fig. 6b for an example referring to the sodium
storage behaviour of a MoS; electrode using a NasPS4 solid state elec-
trolyte and a Na-Sn alloy as negative electrode, compared to its Li
counterpart cell using LisPS4 electrolyte and In-Li negative electrode)
[258]. However, significant progress is foreseen according to the variety
of materials under development, i.e. interesting inorganic solid elec-
trolytes to be combined with various electrode materials on the positive
side. Importantly, Na-ASSBs would allow operation at temperatures
(100-200 °C) not attainable with liquid electrolytes. As for Li-ASSBs

Table 2
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though, huge efforts still need to be put on mastering the negative
electrode (Na ? Na-Sn ? ....) interface with the solid electrolyte. More
importantly, which processing technology will be implemented for the
realization of real, viable, solid state batteries that could sustain high
energy or power densities for extended cycle life?

4. Na/O, and Na/S batteries

Na-O; and Na-sulphur batteries are based on fundamentally
different cell chemistries than NIBs or Na-ASSBs (which share interca-
lation positive electrode materials and have taken benefit from previous
successful Li-ion development). Therefore, the research in this area is
currently on a much more fundamental level. There are two main drivers
to work on these cell concepts. Firstly, oxygen and sulphur are abundant
elements and, combined with sodium, very cost-effective batteries could
be achieved. Secondly, the specific capacities of oxygen and sulphur are
very high and could lead to energy densities several times larger as
compared to batteries based on insertion/intercalation mechanisms.
While approaches using aqueous electrolytes are also being followed,
most of the research in this field has been focused on Na/O, and Na/S
batteries employing an aprotic electrolyte. The ideal reactions and en-
ergy densities are shown in Table 2 while the typical voltage profiles are
reported in Fig. S1 in the supplementary information. Na metal is the
intended negative electrode (although other materials could be used).
Compared to the analogue Li-based cells, the cell voltage in case of so-
dium is lower by 390 mV (Na/S, Na,S formation) and 630 mV (Na-ox-
ygen, NayO, formation). The difference is due to a cathodic effect rather
than the difference between the alkali metals [6,164]. However, there
are notable differences between the lithium and sodium cell chemistries
for both battery concepts. A comprehensive comparison is outside the
scope of this review but can be found elsewhere [284].

4.1. Na/O; batteries

Reports on rechargeable Li/O; batteries date back to the 1980-90s
[285,286], but greater interest developed in the late 2000s when the
first reports on Na/O- batteries also appeared [287-289]. In contrast to
conventional batteries that are enclosed systems, a metal/air battery
exposes the positive electrode (oxygen electrode) to the environment.
There is a conceptual similarity with fuel cells, which also use atmo-
spheric oxygen as a reaction partner. During discharge, different sodium
oxides (Naz0, Nag0O,, NaO2) may be formed while gaseous oxygen is
released during charging. The reaction takes place at a gas diffusion
electrode layer which needs to ensure sufficiently fast O, transport and
accommodate simultaneously the solid discharge products. Gas diffu-
sion layers, often combined with high surface area carbon, are typically
applied for this purpose. The concept of using atmospheric oxygen
instead of enclosed intercalation materials allows to achieve very high

Theoretical cell voltages, gravimetric and volumetric energy (Wh.kg’l, Wh.I ™) and charge (rnAh.g’l, mAh.cm™3) densities for sodium/oxygen and sodium/sulphur
batteries with metal negative electrode, based on active materials weight and density. Values for the gravimetric energy densities are given without and including the
weight of oxygen. All other values given refer to the discharged state. Thermodynamic data derived from HSC Chemistry for all compounds being in their standard

states at 25 °C.

Cell reaction E/V Wi/ Wh.kg’1 Qun/1 mAh‘g’1 Wa/Wh.1 ™2 Qu/mAh.cm 3
1 Discharge 1.95 2273/1687 867 3828 1968
2Na + -0 =—" Na0
2 Charge
Discharge 2.33 2717/1602 689 4493 1936
2Na + O ——— Nay0,
Charge
Discharge 2.27 2643/1105 488 2431 1074
Na + O, —— NaO;
Charge
1 Discharge 1.85 1273 687 2364/1580 1245
2Na + -Ss ——— Na,S
8 Charge
Discharge 1.90 583 308 1124/845 653

1
2 Na + 558 < Na»S4 (300 °C)

Charge
Na-ion (average positive electrode vs Na*/Na) ~3.3 ~560

~170 ~2500 ~760
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theoretical energy densities. However, such concept leads to many en-
gineering complications: gas purification is required, solvent evapora-
tion has to be minimized, and the electrode design (porosity) needs to be
further optimized. Even assuming a perfectly working cell chemistry,
these extra measures are detrimental to the energy density. Therefore,
the practical energy densities of metal-air batteries are significantly
lower than their theoretical ones [290-292]. After the initial enthusiasm
on rechargeable metal-air batteries it became clear that the processes
taking place at the oxygen electrode were poorly understood, and the
primary electrochemical process in the cell was accompanied by side
reactions caused by the decomposition of the electrolyte. Early ap-
proaches to decrease the large overpotential of around 1 V by using
catalysts were not effective as they also catalysed the electrolyte
decomposition. In case of Na/O; batteries, a surprising finding revealed
that the discharge product are well-crystallized NaO5 (sodium super-
oxide) particles in cells where ether electrolyte was used [289]. That
product is formed at much lower overpotentials (~200 mV) and caused
much less side reactions compared to analogue Li/O; cells, for which the
main discharge product is Li;O2 [293]. This reaction is also very sensi-
tive to water impurities, leading to the formation of NayO2-H20, which
emphasizes the need for suitable membranes that allow the transfer
between the cell and the environment of Oz only [294,295]. The long
term stability of NaO, in the cell also needs to be improved [296].
Although several key aspects of metal/air batteries are still not fully
understood, it is now established that discharging and charging of such
batteries involves complex dissolution and precipitation processes at the
oxygen electrode [297]. Therefore, the electrode reaction can be influ-
enced by numerous factors (current, type of solvent and electrolyte salt,
impurities) [298-300]. Currently, the most important challenge to be
solved for the oxygen electrode is to tame the role of singlet oxygen
(*0y) that forms at all stages during cycling causing parasitic side re-
actions with the organic electrolyte and the carbon electrode [301,302].
The combined use of redox mediators that aim at decreasing the
charging voltage (reducing overpotentials) and quenchers, which
neutralize singlet oxygen seems currently to be the most effective
strategy to run the cell in a more controlled manner [303]. On the
negative electrode side, and common to Na/S batteries, sodium would
be the preferred option in consideration of maximizing the cell energy
density. Not surprisingly, the same challenges exist as for using lithium
in LIBs which, despite many efforts, could still not be realized. The most
important challenges relate to unfavorable SEI formation combined with
dendrite formation requiring oversizing the electrode and leading to
safety concerns. Numerous strategies are therefore being evaluated in
order to make metal electrode a viable option [304]. As an example for
sodium, fluorine-free electrolyte solutions have been recently suggested
[305]. The practical use of sodium as negative electrode might be
however limited due to its low melting point (98 °C).

4.2. Na/S batteries

The interest in Na/S batteries dates back to the late 1960s when the
high temperature Na/S battery was patented by the Ford Motor Corp
[238,306]. This development was enabled by the availability of the
highly conductive ceramic electrolyte p-alumina. In such battery, at the
typical operating temperature of around 300 °C, sodium and sulphur are
molten and separated by the solid electrolyte. Although this technology
has been developed over the years to yield a commercial product (NGK
Insulators) for stationary storage, its market competitiveness is yet to be
demonstrated. The high operating temperature leads to technological
challenges and limits the discharge capacity (Table 1), which is why
Na/S batteries operating at room temperature or intermediate temper-
atures are being reconsidered [239,307-309]. Further research in this
field has been motivated by the potentially promising performance: the
formal reduction of sulphur to form NayS corresponds to a capacity of
687 mAh.g~! (or 1672 mAh.g~! without accounting for the mass of
sodium). Another motivation for Na/S batteries has been provided by
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the vibrant research on Li/S batteries which has experienced a signifi-
cant progress over the last 10-15 years [310-313]. Li/S cells are also
known for their chemical complexity because the reduction of sulphur
during discharge leads to the formation of soluble polysulfides, which
cause a series of detrimental effects such as the shuttle mechanism
[314]. Moreover, sulphur and sulphides are insulators, which requires
the use of a conductive carbon matrix as shown in Fig. 1d. This is similar
to metal-air batteries and the cell reaction at the positive electrode in-
volves dissolution and precipitation processes that complicate the cell
chemistry and result in fast ageing. The same phenomena occur in Na/S
batteries or any other metal-sulphur battery (with liquid electrolyte)
which is why similar countermeasures could be taken in order to
improve the rechargeability and utilization of the active material.
Important strategies to improve the battery performance include nano-
structuring of carbon/sulphur composites [315], implementation of
membranes (inorganic, organic or mixed) [316-319] and optimization
of the electrolyte composition [320-322]. Moreover, other cell concepts
based on dissolved positive electrodes (solutions containing poly-
sulfides) are explored, some of them being designed to operate at in-
termediate temperatures [323-325]. Very recently, solid-state
configurations also became of interest [326-328]. General advantages
and disadvantages of the different approaches are summarized in
Ref. [308] A notable difference between the Li/S and Na/S chemistry is
that many thermodynamically stable binary compounds exist at room
temperature in case of sodium (NayS, NasSo, NasSs, NasSs) while LisS is
the only stable phase in case of lithium [329,330]. This leads to even
more complexity in case of the Na/S cell which might be an advantage or
a disadvantage, depending on what cell concept is applied. Overall,
Na/S cells are much less explored compared to Li/S cells, and the cell
chemistry of the Na/S system appears to be more complex. Therefore,
the performance of Na/S batteries lacks behind the much more studied
Li/S battery. However, quite some improvement was demonstrated in
the last years and the feasibility to assemble multilayer pouch cells was
recently shown [331]. Moreover, the variety of possible cell concepts
and the low cost of elements make the Na/S technology a very attractive
option for large scale energy storage.

5. From lab to market: evaluation of key performance indicators

While all Na-based systems are still at an early stage of development,
NIBs are a step ahead compared to Na-ASSBs, Na/O5 and Na/S systems,
thanks to their similarities to LIBs. NIBs additionally offer a “drop in”
approach, as they do not require a different cell design and, therefore,
can be manufactured in similar production lines as those used for LIBs.
Considering the massive investments required for setting up the
manufacturing facilities, this “drop in” approach delivers substantial
advantages towards NIBs commercialization provided that competitive
metrics in terms of performances are achieved for cells and modules.
Still, a recent comparative cost assessment of SIB and LIB technologies
evaluated the cost reduction by replacing Na for Li within the range
10-30% at materials level [7,128], which goes down to 4.3% when
including manufacturing costs [7]. This moderate figure is due to the
fact that manufacturing processes as well as many components and
materials involved in cell fabrication are identical or of similar cost for
the two technologies. As a consequence, the performance metrics are of
prime importance for the SIB technology to ensure a competitive cost
per Wh, and finally find a place in the market.

It is, however, challenging to make fair and accurate comparisons of
any newly developed cells with respect to commercial Li-ion cells.
Specifically, little information is usually provided for Na-ion prototype
cells regarding the full range of specifications (e.g. energy density, cycle
life, €/kWh per cycle, etc.) under realistic conditions (full cell configu-
ration, small amounts of electrolyte, high mass loadings, low current
rates for cycling stability tests, etc.). Moreover, when comparing reports
on Li-ion and Na-ion full cells, the comparison of performance metrics is
usually performed between commercial-grade cylindrical or pouch-type
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Li-ion cells, a mature technology based on 30+ years of both academic
and technological research, with one-off Na-ion cells prepared using
small batches of materials. As a result, the intrinsic properties of the two
chemistries and those of the process and optimization of the cell pro-
totypes cannot be decoupled. Finally, many design parameters having an
impact in cell behaviour are manufacturer or application dependent,
making it very difficult to find reports of a Li-ion and Na-ion cell
fabricated following identical design parameters.

To avoid these shortcomings, half-cell performance metrics from the
academic literature have been used here to extrapolate full cell perfor-
mance indicators based on a common optimized design. This design
assumes the same cell dimensions (as volume is usually the first design
parameter to be established for a given application), and the same
positive electrode coating thickness, electrode and electrolyte formula-
tion and separator. All the other parameters have then been determined
by the properties of the active materials involved (gravimetric capacity,
voltage and density). This approach assumes the same level of process
optimization for all cell components and manufacturing steps from
active material preparation to cell assembly, for the two Li-ion and Na-
ion battery technologies. This allows to evaluate the potential of the
reviewed materials after the same technological development with
respect to Li-ion commercial cells. Detailed information on the cell
design as well as on the properties of the considered materials can be
found in the supplementary information. The volume and weight of the
cell envelope and contact tabs have not been taken into account as they
are design dependent. However, since there is no reason to introduce
design changes when switching to NIBs, these would not affect the dif-
ferences in cell performance. As mentioned above, Na-ASSBs, Na/O, and
Na/S systems are more disruptive battery technologies and therefore
will not be evaluated in this section.

The calculated capacity and energy density at pouch cell level for
different combinations of Li-ion and Na-ion active materials are pre-
sented in Table 3 and Fig. 7. Two sets of calculations have been per-
formed based on the best positive and negative electrode materials
identified in the previous sections and presented on Figs. 2 and 3. Pos-
itive electrode materials have been simulated against HC as the negative
electrode, and negative electrode materials have been simulated against

Table 3

Volumetric and gravimetric values of capacity and energy of the simulated
pouch cells with 65 pm thick positive electrode coating based on the parameters
of Tables S3-S5.

Active materials Capacity (A Capacity (A Energy (W Energy (W
N ~ h/L) h/kg) h/L) h/kg)
Li-ion cells
NMC811 g 205.6 78.1 760.8 289.1
NMC111 g 179.7 66.7 656.1 243.4
LCO g 167.7 60.8 628.9 227.9
LFP g 155.2 63.3 520.0 212.0
LFP-C g 148.0 61.1 495.8 204.5
LMO g 134.9 51.4 526.1 200.5
Na-ion cells
P2 HC 164.8 75.8 375.8 172.8
P2-CE HC 137.0 60.9 350.6 156.0
NVP HC 92.5 44.6 267.2 128.8
NVPF HC 104.8 50.2 364.9 174.8
PBA HC 89.8 51.1 262.3 149.2
03 HC 160.5 71.2 462.3 205.1
03 SC 133.2 60.0 360.9 162.7
03 TiO/C 178.0 68.8 370.2 143.1
03 NTO 153.8 57.7 359.8 134.9
03 ci-g 91.2 41.7 210.7 96.4
03 P/C 236.7 92.0 545.6 200.0
03 Sb/C 217.4 79.7 588.4 215.6
03 Sn/C 229.9 86.0 591.0 220.9
03 MoS,/ 224.4 83.5 397.1 147.7
C
03 Sb,03/ 221.6 81.2 478.6 175.5
C
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an O3-type layered oxide as the positive electrode material. The details
of the materials and electrode properties used for the simulation are
presented in Tables S3, S4 and S5 of Supplementary Information.

The volumetric energy density of Na-ion positive electrode materials
vs. HC is, in all cases, a step down compared to the NMC111-g Li-ion cell
(Fig. 7a), which is taken here as reference for Li-ion technology. In terms
of volumetric density, the O3-HC combination (462 Wh. L'1) is from far
the best of the HC-based Na-ion cells, very close to the LFP-g Li-ion cell
(496 Wh. L) but reaches only 70% of the volumetric energy calculated
for the NMC111-g cell. Interestingly, when HC is replaced by alloy-
forming materials as negative electrode the volumetric energy density
increases significantly, to reach 91% of the NMC111-g cell. This can be
ascribed to their larger capacities combined with the fact that the den-
sity of some of these negative electrode materials is larger than that of
graphite (Table S5), while that of HC is lower. However, this result needs
to be handled with care as the calculations do not take into account the
swelling of the electrode, which can be substantial for alloy-forming
compounds (see section 2.2.2).

Some interesting differences could be found when analysing the
gravimetric energy densities (Fig. 7b). The O3-HC gravimetric cell en-
ergy density is now slightly higher than that of LFP-g and LMO-g cells
and reaches 84% of that for the NMC111-g cell. Replacing HC by higher
capacity Sn/C and P/C composite negative electrode materials also al-
lows to increase the energy density, to reach 95% of that of the NMC111-
g reference. However, the gain from HC to alloys is less pronounced than
for the volumetric energy densities. This can be ascribed to their higher
capacity, resulting in thinner coatings and thus larger contribution to the
weight from the separator (including electrolyte) and aluminium foil, as
a consequence of the larger number of stacks (58 for 03-HC, 84 and 86
for Sn/C and P/rGO, respectively - see Table S6). NVPF appears to be the
second-best performing Na-ion positive electrode material, but the
overall gravimetric energy density is 15% lower than that with O3 when
used with HC negative electrode material. The P2-HC cell reaches an
energy density close to that of NVPF-HC, when considering the total
available capacity (assuming a pre-sodiation process for the positive
electrode material). If the initial Na deficiency is not compensated (“P2-
CE” in Fig. 7), the performance of the cell with P2 material remains
neatly lower than O3 and NVPF.

Despite the large capacity and voltage delivered by PBA in half cells,
both gravimetric and volumetric energy densities are significantly lower
compared to O3-HC and NVPF-HC cells. This is a result of the lower
densities of PBA materials. The impact of the material density on the
gravimetric energy is indirect, as it increases the relative contribution of
the other elements of the cell, such as current collector, additives,
electrolyte and separator, to the total weight. The same applies to the
comparison between P/rGO and Sn/C, which exhibit very close energy
densities in full cell despite having very different capacities, as a
consequence of the strong difference of density between red phospho-
rous and tin.

Apart from alloy compounds, all other negative electrode materials,
due to their lower capacity and higher voltage, result in significantly
lower energy densities compared to HC, both volumetric and gravi-
metric. Moreover, the voltage is clearly more critical than capacity, as
for instance MoS,/rGO with 65% more capacity than HC, exhibits 28%
lower gravimetric energy density.

The analysis of the contribution to the total weight by the various
components of the 03-HC and NMC111-g cells, shown in Table S6, re-
veals that the lower cell voltage and capacity of O3 and HC compared to
NMC111 and g, respectively, are partially compensated by the lower
weight of the aluminium current collector. About 2.5 g cm ™2 are saved
by replacing Al for Cu on the negative electrode side, which corresponds
to about 10-15% of the active material mass, and 6% (0O3-HC) to 9%
(NVPF-HC) of the total cell mass. This is further highlighted in Fig. 7c,
which shows the areal weight of the various cell components for 03-HC
and NVPF-HC Na-ion cells, compared to Li-ion NMC111-g and LMO-g
cells, when the areal capacity is set to 3 mA g cm™2. For example, the
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Fig. 7. Volumetric (a) and gravimetric (b) energy density of the simulated Li-ion (blue) and Na-ion pouch cells (dark green for positive electrode materials vs HC, and
light green for negative electrode materials vs 03). (c) Weight of the various cell components, per cm?, for a selection of Li-ion and Na-ion cells, calculated for an areal
capacity of 3 mA h cm~2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

larger weight of the electrode coating of the NVPF-HC cell is almost
completely compensated by the lighter current collector on the negative
electrode side, resulting in lighter O3-HC cells compared to NMC111-g
for the same areal capacity. This is a major advantage of the Na-ion
chemistry, with relevant impact also on the total cost of the cells [7,
128].

The influence of the loading (areal capacity) on the difference of
energy densities between Na-ion and Li-ion cells is shown in Fig. 8. Areal
capacity in the range 2-3 mAh.cm~2 corresponds to the simulations
shown in Fig. 7a and b for which the thickness of the positive electrode
coating has been set to 65 pm. This represents a current standard for Li-
ion cells with an intermediate balance between power and energy [332].
Li-ion cells optimized for maximum power use loadings closer to 1 mAh.
cm 2, while cells optimized for maximum energy are closer to 5 mAh.
g~! [332]. Interestingly, around 1 mAh.cm~2 and below, the energy
densities of the Na cells are very close to that of the Li-ion cells. This is a
direct consequence of the lighter aluminium current collector, as its
relative contribution to the total weight of the cell increases when the
mass loading is reduced. Therefore, the present simulations show that
for a cell design oriented towards maximum energy density the best
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materials for Na-ion will hardly allow competing with the next gener-
ation of Li-ion cells. However, it also demonstrates that, for thinner
coatings used for power-oriented cell designs, the benefit of aluminium
current collector has more impact on the final weight and cost of the cell.
Na-ion active materials allowing good rate performance, even if they do
not allow the largest energy density, might thus be competitive in
power-oriented cell designs.

The Na-ion chemistry presents some intrinsic drawbacks compared
to Li-ion (heavier and larger alkali ion, 0.33 V larger standard potential)
which tend to lower cell voltage and capacity. Nevertheless, from the
present simulations it seems fair to consider that, with ongoing devel-
opment, the present best materials available for Na-ion cells should
allow approaching the energy density of the present generation of Li-ion
commercial cells. Even the later is still far from matching the EU Inte-
grated Strategic Energy Technology Plan (SET-Plan) Action 7 for 2020
and 2030 (a comparison of the current status of both technologies is
given in Table S8, together with the performance targets set by the SET-
Plan) [333]. NMC811, being implemented in the next generation com-
mercial Li-ion cells [332,334], should allow to get closer to these goals.
Nonetheless, the combination of attractive properties potentially offered



L. Hasa et al.

High High
(a) Power Standand Energy
NMC111-g
600 |-
o
< 400
=
>
W 200t
03-HC
(b) NVPF-HC
0 t t t t
250 |
"o 200}
=
e
- 150 -
=
2100
L
© e
NVPF-HC
0 - = b Fitttt
NMC111-g
__25F LMO-g
i LFP-g
5 __u -
=
£20f 1
[——03-HC
NVPF-HC
15 1 1 1 1
0 1 2 3 4 5

Areal capacity (mA.h.cm?)

Fig. 8. Calculated full cell volumetric (a) and gravimetric (b) energy density,
and volumetric weight (c), of 03-HC and NVPF-HC NIB cells (color lines), as a
function of areal capacity; reference LIB cells NMC111-g, LMO-g and LFP-g LIB
cells are shown as thin black lines. The shaded areas correspond to the typical
areal capacity ranges of standard commercial cells (balanced between energy
and power, yellow area), power-oriented design (orange area) and energy-
oriented design (yellow area) [332,335].[332,335]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

by NIBs (i.e., low cost, sustainable precursors and secure raw material
supplies), fills a niche and could represent an important step towards
beyond Li technologies in certain applications where energy density is
less critical. We believe this work shows the benefit of full cell perfor-
mance extrapolation of half-cell data in order to screen the most
promising candidate materials.

6. Conclusion

While still a nascent technology, the impressive achievements real-
ized to date indicate that Na-based batteries show a great promise as
future energy storage solutions. The more disruptive Na/Os, Na/S and
Na-ASSBs may represent a significant game change, leading to an
enormous gain in terms of performance, safety or cost. However, despite
important advancements, their technological readiness level is still far
from application. At the present moment, only NIBs can be considered as
serious contenders to LIBs, with the potential to become the paradigm of
green, safe, sustainable, and low-cost energy storage technologies of the
future.

Performance-wise, several prototypes with different positive
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electrode chemistries (layered, polyanion or PBA type), coupled to a HC
negative electrode, have demonstrated the potential of NIBs. These re-
sults strongly encourage further research on material development and
cell assembly optimization. Indeed, considering the improvements
which were achieved for LIBs since the initial deployment of this tech-
nology [336], the optimization of materials and processing should
enable a similar achievement for the Na-based technology.

Preliminary assessments of the potential life-cycle of NIBs have
proven that NIBs already provide an ecological benefit in terms of ma-
terials compared to LIBs [337]. Finally, several works estimate that NIBs
can be cost-competitive when taking into account the bill of materials, as
avoidance of aluminium leads to substantial cost savings (also for cobalt
and lithium, although to a much lesser extent) [7,128,338]. It should
however be noted that, both for LIBs and NIBs, specific energy has the
highest impact in the cell cost, as less materials are required for elec-
trode, current collector foils, electrolyte and separator. Thus, beside the
low-cost, green, and sustainable philosophy of the Na-based technology,
performance metrics such as high voltage and capacity are crucial for
their deployment, not only for high energy density applications, in
addition to lifetime and efficiency. Furthermore, costs strongly depend
on market volume, and the average LIB prices are forecasted to continue
dropping as they become mainstream after reaching the 100 $/KWh
magic number. NIBs will thus be preferred in niche markets where a
smaller scale of production is not a constraint. However, as LIB demand
increases, raw materials supply shortfalls are to be expected for lithium
and cobalt, while most NIBs are based in widespread cheaper materials.

In summary, extremely encouraging results have been achieved in a
very short time when compared to the Li-ion technology. While it is
envisioned that further technological improvement will be achieved by
cell component fabrication/assembly optimization from an applied
research point of view, the future research efforts should be devoted on
fundamental research, materials discovery and understanding of the
thermodynamic and kinetic processes governing the chemistry of these
systems. In all cases, theoretical calculations can represent a powerful
ally to understand electrochemical reaction mechanisms and to virtually
screen of promising materials [333-336]. The driving force is strong and
justified by the society’s need of a more sustainable and greener future,
where batteries can secure energy supply by bridging the gap between a
clean energy production and utilization.
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